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1.  INTRODUCTION:  Monoamine  Oxidase  A  (MAOA),  the  subject  of  the  present  study,  is 
a  mitochondria-bound  enzyme  that  oxidatively  deaminates  monoamine  neurotransmitters 
and  dietary  amines  and  produces  hydrogen  peroxide,  a  major  source  of  reactive  oxygen 
species  (ROS).1  2  ROS  causes  DNA  damage  and  tumor  initiation.3"5  The  purpose  of  this 
research  is  1)  to  seek  fundamental  mechanistic  insights  on  the  functional  roles  of  MAOA 
in  human  prostate  cancer  (PCa)  progression  and  metastasis,  and  2)  to  design  and  develop 
novel  and  effective  tumor- specific  pharmacological  inhibitor  of  MAOA  and  to  determine  its 
effect  on  PCa  tumor  growth  and  metastasis  in  tumor  xenograft  mouse  models.  The  scope  of 
this  research  involves  experiments  and  assays  to  study  the  role  of  MAOA  in  PCa 
progression  and  metastasis  in  vitro  [LNCaP  (androgen-sensitive)  and  C4-2B  (derived  from 
LNCaP,  androgen-insensitive)  and  PC-3  (androgen-insensitive)  PCa  cells]  and  in  mice 
[tumor  growth  studies,  and  tumor  metastasis  to  bone  and  soft  tissues].6'7 

2.  KEYWORDS:  Prostate  cancer  (PCa),  monoamine  oxidase  A  (MAOA),  MHI-clorgyline, 
near- infrared  (NIR)  emitting  compound,  novel  target,  novel  therapeutic  agent,  HIFla, 
reactive  oxygen  species  (ROS),  hydrogen  peroxide  (H2O2). 

3.  ACCOMPLISHMENTS: 

The  objective  of  this  study  is  to  investigate  the  functional  and  mechanistic  roles  of  MAOA 
in  human  PCa  growth  and  metastasis,  with  the  focus  on  epithelial-to-mesenchymal  transition 
(EMT),  reactive  oxygen  species  (ROS),  hypoxia-inducible  factor  la  (HIFla)  and 
biomarkers  associated  with  PCa  progression.  Furthermore,  we  designed,  synthesized  and 
tested  in  vitro  and  in  vivo  a  novel  tumor- specific  MAOA  inhibitor-near  infrared  (NIR)  dye 
inhibitor  (NIR-MAOA  inhibitor),  called  MHI-clorgyline,  with  the  goal  to  target  and  image 
advanced  and  metastatic  PCa  in  our  animal  models.  The  reported  study  was  conducted  by 
three  collaborating  labs  from  two  organizations  (the  Shih  lab  at  USC,  the  Zhau  lab  at  CSMC, 
and  the  Olenyuk  lab  at  USC).  The  Shih  lab  was  responsible  for  determining  MAOA  effects 
on  PCa  tumor  growth  and  metastasis  in  tumor  xenograft  mouse  models  and  assessing  the 
efficacy  of  NIR-MAOA  inhibitor  on  tumor  growth  and  metastasis  in  tumor  xenograft  mouse 
models.  The  Zhau  lab  was  responsible  for  generating  different  genetically  manipulated 
human  PCa  cell  lines  and  assisting  with  extensive  immunohistochemical  (IHC)  analysis  of 
tumor  specimens  with  PCa-associated  biomarkers  for  tumor  xenograft  studies.  The 
Olenyuk  lab  was  responsible  for  chemically  synthesizing  and  characterizing  NIR-MAOA 
inhibitor  and  assisting  with  determination  of  their  pharmacological  effects  on  PCa  in  tumor 
xenograft  models. 

The  progress  for  the  entire  duration  of  this  project  in  accordance  with  the  detailed  task 
assignments,  as  presented  in  SOW,  is  described  below: 

Task  1.  (Specific  Aim  1A):  Determination  of  the  effects  of  MAOA  on  human  prostate  tumor 
growth  and  metastasis. 

la.  Establishment,  validation  and  characterization  of  stable  wild-type  Months  1-6 
(WT)  and  MAOA-knockdown  (KD)  PCa  cells  (LNCaP,  C4-2  and 
ARCaPM)  genetically  engineered  with  luciferase  (luc)  for  tumor 
xenograft  studies.  Investigator:  Haiyen  Zhau  (CSMC) 
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lb.  Prostate  tumor  growth  studies:  orthotopic  injection  of  WT  and  Months  7-12 
MAOA-KD  PCa  cells  into  the  athymic  nude  mice,  determination  of 

tumor  growth  post-injection  by  serial  imaging  of  luciferase 
bioluminescence,  determination  of  tumor  ROS  levels  at  sacrifice, 
and  IHC  analysis  of  tumor  specimens  post-sacrifice  (cell 
proliferation,  EMT  and  hypoxia  markers).  Investigators:  Haiyen 
Zhau  (CSMC)  and  Jean  Shih  (USC) 

lc.  Prostate  tumor  metastasis  studies:  intracardiac  injection  of  PCa  Months  7-12 
cells  into  athymic  nude  mice,  determination  of  tumor  bone 

metastasis  status  and  tumor  osteolesion  post-injection  by  serial 
imaging  of  luc  bioluminescence  and  X-ray,  and  IHC  analysis  of 
tumor/bone  specimens  post- sacrifice  (osteoclastic,  osteoblastic, 

EMT  and  hypoxia  markers).  Investigators:  Haiyen  Zhau  (CSMC) 
and  Jean  Shih  (USC) 


Id.  Prostate  tumor  bone  metastasis  studies:  intratibial  injection  of  PCa  Months  13-18 
cells  into  athymic  nude  mice,  determination  of  tumor  growth,  tumor 
bone  metastasis  status  and  tumor  osteo-lesion  post-injection  by  serial 
imaging  of  luc  bioluminescence  and  X-ray,  determination  of  tumor 
ROS  levels  at  sacrifice,  and  IHC  analysis  of  tumor/bone  specimens 
post-sacrifice  (cell  proliferation,  osteoclastic,  osteoblastic,  EMT  and 
hypoxia  markers). 

WT  and  MAOA-KD  luc-tagged  C4-2  and  ARCaPM  cells  will  be 
used. 

Mice  have  been  housed  at  the  USC  animal  facility. 

Investigators:  Haiyen  Zhau  (CSMC)  and  Jean  Shih  (USC) 

Task  2.  (Specific  Aim  IB):  Investigation  of  the  molecular  mechanisms  underlying  the 
MAOA  functions  in  PCa  by  defining  its  roles  in  ROS-  and  HIF la-mediated  signaling. 

2a.  Investigation  of  the  effect  of  MAOA  on  PHD  and  HIFla  activity  in  Months  19-27 
human  PCa  cells  (LNCaP,  C4-2  and  ARCaPM)  and  the  accompanying 
regulation  mediated  by  ROS  generated  through  the  MAOA  action. 

Investigator:  Jean  Shih  (USC) 

2b.  Determination  of  the  effect  of  hypoxia/HIF  la  on  MAOA  activity  in  Months  19-27 
human  PCa  cells 
(LNCaP,  C4-2  and  ARCaPM). 

Investigator:  Jean  Shih  (USC) 

Task  3  (Specific  Aim  2):  Synthesis  and  characterization  of  novel  near-infrared  (NIR)  dye- 
clorgyline  conjugate,  and  determination  of  its  in  vivo  inhibitory  effects  on  tumor  growth 
and  metastasis  in  tumor  xenograft  mouse  models. 
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3a.  Design,  synthesis  and  chemical  characterization  of  NIR-clorgyline.  Months  1-6 
Investigator:  Bogdan  Olenyuk  (USC) 

3b.  Determination  of  MAO  A  inhibition  curves  in  human  PCa  cells.  Months  7-8 

Investigator:  Jean  Shih  (USC) 

3c.  Determination  of  the  cellular  uptake  and  localization  of  MAO  A  Months  9-12 

inhibitor  -  NIR  dye  conjugate  (NIR-clorgyline)  in  human  PCa  cells. 

Investigator:  Bogdan  Olenyuk  (USC) 

3d.  Determination  of  the  in  vivo  effect  of  NIR-clorgyline  on  prostate  Months  13-24 
tumor  metastasis:  intracardiac  injection  of  PCa  cells  into  athymic 
nude  mice,  assessment  of  NIR-clorgyline  targeting  of  metastatic 
tumors  by  superimposing  both  images  of  luc  bioluminescence  and 
NIR  fluorescence,  determination  of  tumor  metastasis  status  and  osteo- 
lesion  post-injection  of  NIR-clorgyline  by  serial  imaging  and  X-ray, 
and  IHC  analysis  of  tumor/bone  specimen  post- sacrifice  (e.g.  EMT 
markers) 

Luc-tagged  WT  ARCaPM  cells  will  be  used. 

Mice  have  been  housed  at  the  USC  animal  facility. 

Investigator:  Bogdan  Olenyuk  (USC),  Haiyen  Zhau  (CSMC)  and  Jean 
Shih  (USC) 

3e.  Determination  of  the  in  vivo  effect  of  NIR-clorgyline  on  prostate  Months  24-36 
tumor  growth: 

subcutaneous  injection  of  PCa  cells  into  athymic  mice,  assessment  of 
tumor-targeting  of  NIR-clorgyline  by  superimposing  both  images  of 
luc  bioluminescence  and  NIR  fluorescence,  determination  of  tumor 
growth  post-injection  of  NIR-clorgyline  by  serial  imaging,  and  IHC 
analysis  of  tumor  specimens  post-sacrifice  (e.  g.  cell  proliferation 
markers). 

Luc-tagged  WT  LNCaP  and  C4-2  cells  will  be  used. 

Mice  count:  2  cell  lines,  10  mice  per  cell  line,  each  cell  line  with  3 
treatments:  (1)  NIR  dye,  (2)  clorgyline,  and  (3)  NIR-clorgyline 
Luc-tagged  WT  ARCaPM  cells  will  be  used. 

Mice  have  been  housed  at  the  USC  animal  facility. 

Investigator:  Bogdan  Olenyuk  (USC),  Haiyen  Zhau  (CSMC)  and 
Jean  Shih  (USC) 

Task  3-2:  We  developed  a  Pten/MAOA  double  knockout  (DKO)  mouse  model  by 
combining  prostate-specific  conditional  Pten  knockout  mice  with  MAOA  knockout  mice. 
We  hypothesized  that  MAOA  may  act  like  a  tumor  promoter  in  the  context  of  PCa  through 
its  induction  of  ROS  and  hypoxia.  The  resulting  effect  of  hypoxia  and  ROS  may  result  in 
the  immune  system  suppression,  facilitating  tumor  evasion  from  detection  by  the  immune 
system.  Thus,  we  expect  that  Pten/MAOA  DKO  mice  would  show  a  delayed  formation  of 
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PCa  tumors.  This  animal  model  will  help  us  better  understand  MAOA  in  vivo  functions  in 
PCa  progression  and  metastasis. 

The  detailed  report  of  our  progress  during  the  entire  period  of  grant  support  is  outlined  below. 

Task  la:  We  established  and  characterized  stable  wild-type  and  MAOA-knockdown  human 
prostate  cancer  cells  (C4-2  and  ARCaPM)  for  animal  studies.  We  utilized  lentiviral  particles  that 
express  pGL4  Luciferase  Reporter  Vectors  (Promega)  to  infect  both  C4-2  and  ARCaPM  cells 
followed  by  selection  for  stable  clones  with 
hygromycin.  Successful  stable  engineering  of 
luciferase  gene  into  the  genome  of  these  cells 
was  validated  by  luciferase  assay.  These  luc- 
labeled  cells,  when  injected  into  mice,  will  be 
visualized  by  bioluminescence  imaging.  Next, 
these  cells  were  infected  with  lentiviral 
particles  that  express  specific  shRNAs 
targeting  MAOA  (Sigma- Aldrich)  followed  by 
selection  for  stable  clones  with  puromycin,  and 
wild-type  control  cells  were  infected  with 
control  lentiviral  particles  (Sigma-Aldrich) 
accordingly.  Successful  knockdown  of  MAOA 
in  these  cells  were  examined  by  Western  blot 
by  probing  MAOA  protein.  Furthermore,  cell 
proliferation,  invasion  and  migration  were 
determined  in  these  wild-type  and  MAOA- 
knockdown  cells,  and  knockdown  of  MAOA 
significantly  reduced  these  indices  in  both  C4- 
2  and  ARCaPM  cells  (Figure  1).  These  cells  are 
now  ready  to  be  used  in  proposed  animal 
studies,  such  as  intracardiac  injection  for 
determining  MAOA  effect  on  human  prostate 
cancer  bone  metastases  as  well  as  intratibial 
injection  for  investigating  MAOA-mediated 
prostate  cancer-bone  cell  interaction. 


MAOA 

(3-Actin 


MAOA 

P-Actin 


B 


Figure  1.  Wild-type  (shCon)  and  MAOA- 
knockdown  (shMAOA)  C4-2  (left  panel)  and 
ARCaPM  (right  panel)  cells  were  characterized 
with  MAOA  protein  expression  (A),  cell 
proliferation  (B),  cell  invasion  (C)  and  cell 
migration  (D). 
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Task  lb:  We  analyzed  wild-type  and  MAOA-knockdown  human  prostate  cancer  xenograft 
specimens  with  focuses  on  cell  proliferation,  epithelial-mesenchymal  transition  (EMT)  and 
hypoxia  signaling.  Our  preliminary  in  vitro  results  showed  that  MAOA  is  engaged  in  EMT 
induction  and  HIFla  stabilization  in  human  prostate  cancer  cells,  we  therefore  analyzed  wild-type 
and  MAOA-knockdown  human  prostate  LNCaP  and  C4-2  subcutaneous  tumor  xenograft 
specimens  with  select  EMT  and  hypoxia  markers  by  immunohistochemical  (IHC)  analyses.  Our 
results  showed  that  knockdown  of  MAOA  significantly  decreased  the  expression  levels  of  Ki-67  (a 


LNCaP 


C4-2 


shCon  shMAOA  shCon  shMAOA 


Figure  2.  H&E  and  IHC  analyses  of  Ki-67,  MAOA,  E-cadherin,  Vimentin,  HIFla  and  VEGF- 
A  expression  in  wild-type  (shCon)  and  MAOA-knockdown  (shMAOA)  LNCaP  (left  panel)  and 
C4-2  (right  panel)  tumor  xenografts.  Representative  images  from  five  separate  samples  are 
shown.  Original  magnification,  x500;  scale  bar:  20  pm. 


cell  proliferation  marker),  Vimentin  (a  mesenchymal  marker),  HIFla  and  VEGF-A  (a  HIFla  target 
gene),  but  increased  E-cadherin  (an  epithelial  marker)  (Figure  2),  which  are  consistent  to  the  in  vitro 
findings  and  confirm  MAO  A  effect  in  driving  EMT  and  hypoxia.8 


Task  lc:  We  studied  prostate  tumor  metastasis  though  intracardiac  injection  of  PCa  cells  into 
the  athymic  nude  mice.  Briefly,  mice  were  injected  intracardially  with  MAO  A  knockdown 
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ARCaPM  cells9  and  control  wild-type  cells.  Our  preliminary  studies  show  that  knockdown  of  MAO 
A  in  ARCaPM  cells  reduced  the  rate  of  prostate  cancer  cell  metastasis  (Figure  3). 


A  B  c 


Week  Week 

Figure  3.  MAOA  is  essential  for  PCa  metastasis.  (A)  Kaplan-Meier  curves  of  metastasis 
development  of  control  (shCon)  and  MAOA-knockdown  (shMAOA)  ARCaPM  cells  (n  =  10 
mice  for  each  group).  (B)  Normalized  BLI  curves  of  metastasis  development  for  each 
experimental  group.  Data  represent  the  mean  ±  SEM  (n  =10).  P  <  0.01.  (C)  Representative  BLI 
(week  10)  images  of  2  of  10  mice  in  each  group  from  B. 


Task  Id:  We  performed  prostate  tumor  bone  metastasis  studies  through  intratibial  injection  of 
PCa  cells  into  athymic  nude  mice,  and  tumor  growth  and  tumor-invading  bone  destruction  were 
determined. 


Figure  4.  MAOA  knockdown  (KD)  reduced  tumor  invasion  to  bone.  (A,  B)  Representative  X- 
ray  (A)  and  microCT  (B)  images  of  bone  destruction  (week  13-19)  in  mice  intratibially  injected 
with  scramble/MAOA-KD  (shCon/shMAOA)  human  C4-2  or  ARCaPM  PCa  cells.  White  arrows 
point  to  osteolytic  lesions.  (C)  Serum  prostate-specific  antigen  (PSA)  levels  that  reflect 
intratibial  C4-2  tumor  growth  and  metastasis  as  measured  by  ELISA  6  weeks  after  tumor  cell 
injection.  **p<0.01. 


Human  C4-2  or  ARCaPM  PCa  cells  subjected  to  either  a  scrambled  control  shRNA  (shCon)  or  a 
MAOA- targeting  shRNA  (shMAOA)  were  injected  intratibially  into  male  athymic  nude  mice. 
Tumor  invasion  to  bone  was  examined  routinely  by  X-ray  during  the  period  of  tumor  growth 
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(Figure  4A)  and  further  assessed  by  microCT  at  the  endpoint  of  experiments  (Figure  4B).  Serum 
PSA  levels  in  mice  implanted  with  PSA-producing  C4-2  cells,  which  correlates  to  tumor  growth, 
were  collected  biweekly  and  measured  by  ELISA  (Figure  4C).  Tumor  ROS  levels  at  sacrifice 
remain  to  be  measured.  Tumor  specimens  were  fixed  in  formalin,  embedded  in  paraffin,  and  ready 
for  further  IHC  analyses  of  cell  proliferation,  osteoblastic,  osteoclastic,  EMT  and  hypoxia  markers. 

Conclusion:  MAOA  KD  cells  (shMAOA)  have  shown  markedly  reduced  invasiveness  to  bone, 
as  compared  to  control  cells  (shCon).  As  indicated  in  the  Figure  1A-1B,  the  intratibially  injected 
control  cells  produced  marked  bone  destruction  as  evidenced  by  X-ray  and  microCT 
examination.  In  comparison,  the  bone  remains  essentially  intact  when  MAOA-KD  cells  were 
used.  Analysis  of  the  serum  PSA  levels  showed  that  intratibial  tumor  growth  rate  is  reduced  for 
MAOA-KD  cells.  This  suggests  that  MAOA  plays  an  essential  role  in  promoting  bone  invasive 
properties  of  the  PCa  cells. 

Task  2a:  We  investigated  the  molecular  mechanisms  underlying  the  MAOA  functions  in  PCa 
by  defining  its  roles  in  ROS-  and  HIF 1  a-mediated  signaling.  We  also  studied  the  effect  of 
MAOA  on  PHD  and  HIFla  activity  in  human  PCa  cells  (LNCaP,  C4-2  and  ARCaPM)  and  the 
accompanying  regulation  mediated  by  ROS  generated  through  the  MAOA  action. 

The  MAOA  effect  on  hydroxylation-dependent  HIFla  protein  stability  was  determined  by 
Western  blot  in  PC-3  cells  with  the  addition  of  proteasomal  inhibitor  (Figure  5A).  The  MAOA 
effect  on  PHDs  enzymatic  activity  was  examined  by  qPCR  analysis  of  select  HIFla  target  gene 
expression  in  PC-3  cells  under  PHD  inhibitor  treatment  (Figure  5B).  The  MAOA  effect  on  the 
protein  expression  of  all  four  PHD  isoforms  was  directly  measured  in  PC-3  cells  by  Western  blot 
(Figure  5C).  The  interplay  among  MAOA-regulated  HIFla,  PHD  and  ROS  was  further  studied 
by  Western  blot  coupled  with  FACS  analysis  of  ROS  levels  (Figures  5D-F).  The  ROS  effect  by 
which  MAOA  mediates  EMT  and  hypoxia  was  examined  by  qPCR  analysis  of  select  EMT  and 
HIFla  target  gene  expression  (Figure  5G).  The  role  of  ROS  in  mediating  the  MAOA  effect  on 
cancer  cell  proliferation  under  either  normoxia  or  hypoxia  was  determined  by  cell  number 
counting  assays  (Figure  5H). 
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Figure  5.  MAOA  regulates  HIFIa  stability  through  ROS.  (A)  Immunoblots  of  PC-3  (vector 
and  MAOA-ovexpression)  cells  treated  with  or  without  MG  132  (1  pM,  6  hours)  for 
hydroxylated  HIF 1  a  (HIF 1  a-OH)  and  total  HIF 1  a.  (B)  Fold  induction  of  HIF 1  a  target  genes 
in  PC-3  (vector  and  MAOA-overexpression)  cells  treated  with  DMOG  (1  mM,  24  hours) 
was  measured  by  qPCR,  and  the  ratio  (mean  ±  SEM,  n=3)  of  DMOG-treated  to  untreated 
gene  expression  is  shown.  (C)  Immunoblots  of  PC-3  (vector  and  MAOA-overexpression) 
cells  with  hypoxia  for  PHD  1-4.  (D)  The  increase  in  ROS  production  in  PC-3  (vector  and 
MAOA-overexpression)  cells  with  hypoxia  was  calculated  as  the  percentage  changes  (mean 
±  SEM,  n=3)  in  ROS  levels  in  hypoxic  cells  relative  to  normoxic  cells.  (E)  Immunoblots  of 
PC-3  (vector  and  MAOA-overexpression)  cells  incubated  with  10  mM  NAC  and  cultured 
under  normoxia  and  hypoxia.  (F)  Immunoblots  of  PC-3  (vector  and  MAOA-overexpression) 
cells  cultured  at  21%  O2  with  10  mM  NAC  or  1  mM  DMOG  as  indicated.  (G)  qPCR  analysis 
of  VEGF-A,  GLUT1 ,  and  TWIST1  expression  (mean  ±  SEM,  n=3)  in  PC-3  (vector  and 
MAOA-overexpression)  cells  incubated  with  10  mM  NAC  and  cultured  under  hypoxia.  (H) 
Growth  curves  of  PC-3  (vector  and  MAOA-overexpression)  cells  cultured  in  standard  media 
supplemented  with  or  without  10  mM  NAC  under  either  normoxia  (left  panel)  or  hypoxia 
(right  panel)  (mean  ±  SEM,  n=3).  (I)  A  schematic  diagram  outlining  MAOA  stabilization  of 
HIFIa  by  repression  of  PHD  activity  through  ROS  production.  *  p<0.05,  **  pcO.Ol. 


Task  2b:  We  determined  the  effect  of  hypoxia/HIFa  on  MAOA  activity  in  human  PCa  cells  PC3, 
DU  145,  and  C42B. 


Figure  6.  MAO  A  is  induced  in  hypoxic  PC3  cells.  The  MAO  A  level  of  PC3  cells  was 
determined  under  either  hypoxia  or  normoxia.  Hypoxia  leads  to  (a)  increase  in  MAO  A 
transcription  levels  as  measured  by  real-time  qRT-PCR,  and  (b)  increase  in  HIFla  and  MAO 
A  protein  levels  as  determined  by  Western  blot;  (c)  increase  in  MAO  A  activity  as 
determined  by  enzymatic  assay  using  serotonin  as  the  substrate.  Error  bars  are  ±  SEM  of 
experiments  performed  in  duplicates.  **  P  <  0.01,  *  P  <  0.05,  t- test. 


We  found  that  MAO  A  is  induced  by  hypoxia  in  human  prostate  cancer  PC3  cells  expressing  a 
low  level  of  MAO  A  (Figure  6).  The  level  of  MAO  A  mRNA  increased  2.6-fold  in  PC3  cells 
under  hypoxia  (Figure  6a),  which  correlated  with  5.7-fold  increase  in  the  MAO  A  protein  level 
(Figure  6b)  and  1.5-fold  increase  in  MAO  A  activity  (Figure  6c)  as  determined  by  the  enzymatic 
activity  assay  using  serotonin  as  the  substrate. 

We  have  also  established  a  similar  relationship  between  the  elevated  MAO  A  levels  (2.3-fold)  and 
the  levels  of  its  enzymatic  activity  (3. 7 -fold)  in  DU  145  cells  with  a  moderate  level  of  MAO  A  as 
well.  The  increase  of  MAO  A  correlates  with  the  increase  in  HIFla  protein  levels  in  PC3  (Figure 
6a-b)  and  DU  145  cell  lines. 

In  C42B  cells  expressing  a  high  level  of  MAO  A,  HIFla  is  induced  by  hypoxia;  however,  it  is 
abundant  under  normoxia  as  well  at  63%  of  its  hypoxic  amount.  As  to  the  MAO  A  expression  in 
C42B  cells,  its  mRNA  levels  are  not  increased  appreciably  and  reliably  under  hypoxia. 

Conclusion:  Our  data  suggest  that  hypoxia  induces  MAO  A  mRNA  and  protein  in  PC3  cells  and 
DU  145  cells  expressing  a  low  and  moderate  level  of  MAO  A,  respectively. 

Task  3  (Specific  Aim  2):  This  Specific  Aim  was  focused  on  novel  clorgyline  (a  potent  MAOA 
inhibitor)  -  near-infrared  (NIR)  dye  conjugate  (NIR-clorgyline)  specifically  targeting  tumors.  We 
determined  the  inhibitory  effect  of  this  conjugate  on  metastasis  of  human  PCa  in  mouse  models. 
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Task3a:  Based  on  crystal  structure  of  MAOA10  we  designed  a  novel  clorgyline-NIR  dye 
conjugate  and  prepared  it  through  a  series  of  synthetic  steps  as  shown  in  Scheme  1.  A  modified 
clorgyline  functionality  was  prepared  first  in  order  to  accomplish  this  conjugation: 


10:  MHI-clorgyline 

Scheme  1.  Synthesis  of  NIR  dye  MHI-148  -clorgyline  conjugate  (MHI-clorgyline). 


Task  3b:  We  determined  inhibitory  activity  of  the  MHI-clorgyline  using  MAOA  inhibition  assays 
with  radiolabeled  substrates  in  LNCaP  cell  line  (Figure  7).  In  parallel,  clorgyline  was  used  as  a 
positive  control.  Surprisingly,  MAOA  catalytic  activity  was  inhibited  by  clorgyline  at  a  lower 
concentration  than  that  of  MHI-clorgyline.  To  test  the  efficacy  of  the  MHI-clorgyline  in  inhibiting 
PCa  cell  growth  we  conducted  an  MTS  assay  in  LNCaP,  C4-2B  and  MAO-overexpressing  PC3 
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cell  lines  after  96  h  of  incubation  with  MHI-clorgyline. 
Clorgyline  was  used  as  a  positive  control.  The  results  are 
presented  in  Figure  8. 

Remarkably,  MHI-clorgyline  has  shown  significantly 
higher  activity  as  compared  to  clorgyline.  We  next 
conducted  cell  number  counting  assay  in  the  same  cell 
lines  treated  with  clorgyline  and  MHI-clorgyline 
(Figure  9). 

Again,  treatment  with  MHI-clorgyline  was  more 
effective  than  that  of  the  clorgyline.  We  also  tested  MHI- 
clorgyline  and  clorgyline  in  LNCaP  cells  in  a  standard 
colony  formation  assay  and  compared  the  results  to 
shRNA  treatment  (Figure  10).  In  this  assay  both  MHI- 
clorgyline  and  clorgyline  showed  significant  reduction  in 
the  colony  numbers  (-50%)  and  were  more  effective 
than  shRNA  (-25%). 


Log  [concentrations  (uM)]  Log  [concentrations  (nM)]  Log  [concentrations  (uM)] 

IC50[Clg]  =  80.7  ±  8.8  jiM  IC50[Clg]  =  1 13.5  at  8.0  IC50[Clg]  =  129.3  ±  9.6  uM 

IC50[M-Clg]  =  5.1  ±  0.1  uM  IC50[M-Clg]  =  5.6  ±  0.1  uM  IC50[M-Clg]  =  6.1  ±  0.2  uM 


Figure  8.  Cell  growth  inhibition  curves  for  MHI-clorgyline  and  clorgyline  in  three  PCa  cell 
lines. 


Day  Day  Day 


Figure  9.  Cell  number  counting  of  LNCaP,  C4-2B  and  MAOA  overexpressing  PC-3  cells 
treated  with  1  pM  of  clorgyline  (clg)  or  MHI-clorgyline  (M-clg)  for  12  days  consecutively. 
PBS  was  used  as  the  vehicle.  2  x  104  cells  were  initially  seeded.  *,  /;<(). 05. 
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Task  3c:  We  utilized  laser-scanning  confocal 
microscopy  (LSCM)  to  determine  the  extent  of 
targeting  and  intracellular  localization  of  the 
MHI-clorgyline  in  PC  a  cells.  Heptamethine 
cyanine  dyes,  such  as  MHI-148  and  its  conjugate 
MHI-clorgyline  emit  strong  fluorescence  in  the 
near-IR  region  at  820-860  nm  upon  excitation  at 
750-780  nm.8  This  fluorescence  can  be  used  to 
visualize  the  intracellular  location  of  the  dye  or 
the  conjugate.  Since  MAOA  is  mitochondria- 
bound,  we  anticipate  that  MHI-clorgyline  will 
also  localize  there.  The  compound  rapidly 
accumulated  in  C4-2B  PCa  cells  and,  as 
expected,  localized  in  the  mitochondria,  as 
determined  by  co-staining  cells  with 
mitochondria- specific  dye,  Mitotracker  Green 
(Figure  11). 

Task  3d-l:  We  studied  the  in  vivo  effect  of  NIR- 
clorgyline  on  prostate  tumor  growth  and 
metastasis.  We  recently  discovered  a  novel  class 
of  NIR  heptamethine  carbocyanine  dyes,  IR-783 
and  MHI-148,  which  are  effective  cancer- 
specific  imaging  agents.  These  agents  show 
preferential  uptake  and  retention  in  cancer  but 
not  normal  cells.  By  conjugating 
chemotherapeutic  agents  with  these  dyes,  we 
observed  tumor-specific  cell  kill  without 
cytotoxicity  in  host  mice,  suggesting  the  potential  use  of  these  carbocyanine  dyes  as  carriers  for 
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Figure  10.  Colony  formation  assays  in 
LNCaP  cells  treated  with  1  pM  clorgyline 
(clg)  or  MHI-clorgyline  (M-clg)  or  LNCaP 
cells  targeted  by  either  a  scrambled  shRNA 
(shCon)  or  a  MAOA-targeting  shRNA 
(shMAOA).  Representative  colonies  were 
photographed  and  shown  (left,  original 
magnification,  lOOx,  scale  bars  represent  50 
pm;  right,  original  magnification,  200x, 
scale  bars  represent  100  pm).  *,  p<0.05;  **, 

p<0.01. 


DAPI  NIR  MitoTracker  Merge 


Figure  11.  Confocal  images  of  a  single  LNCaP  cell  incubated  with  MHH48-clorgyline.  DAPI 
and  MitoTracker  agent  were  used  to  stain  the  nucleus  and  mitochondria  of  cells,  respectively. 

cancer-specific  targeting  by  small  molecules.  The  advantages  of  this  new  class  of  dyes  as  imaging 
agents  are:  (I)  They  have  relatively  low  molecular  weights  that  facilitate  their  effective  uptake  into 
both  localized  and  metastatic  tumors;  (II)  They  can  be  synthesized  in  pure  form  and  are  stable 
upon  storage;  (III)  They  are  taken  up  by  many  different  types  of  cancer  cells,  including  circulating 
or  disseminated  tumor  cells  and  tumor  tissues  regardless  of  their  cell-surface  properties  and  their 
plasticity;  and  (IV)  They  have  the  potential  of  recognizing  live  versus  dead  cells  and  therefore  can 
be  used  for  follow-up  in  patients  subjected  to  treatment  by  hormonal,  radiation  and 
chemotherapeutic  agents. 
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These  dyes  can  be  retained  in  established  PCa  cell  lines  (C4-2,  PC-3  and  ARCaPM)  with  the  dyes 
enriched  in  the  mitochondria  and  lysosomes,  but  not  in  normal  prostatic  epithelial  and  fibroblast 
cells.  In  an  orthotopic  ARCaPM  xenograft  mouse  model  receiving  intraperitoneal  injection  of  low 
dose  of  IR-783  (10  nmol/20  g),  the  near-infrared  signals  were  specifically  detected  in  the  primary 
tumor  and  its  associated  bone  metastases  within  24  hours  by  fluorescence  optical  imaging. 
Additionally,  this  novel  class  of  dyes  showed  no  systemic  toxicity  when  mice  were  given  a  100- 
fold  excess  of  the  imaging  dose  of  the  dye. 

By  using  the  structure-guided  design  we  developed  MHI-clorgyline,  a  novel  tumor-targeting 
MAOA  inhibitor  that  would  preferentially  accumulate  in  the  PCa  lesions.  This  inhibitor  contains 
a  tumor- targeting  NIR  dye  and  a  moiety  of  MAOA  inhibitor.  We  reasoned  that  including  a  NIR 
imaging  functionality  could  be  useful  for  measuring  uptake  and  cellular  localization  of  the 
conjugate  and  possibly  for  future  image-guided  drug  delivery  and  diagnosis.  We  chose  small 
molecule  clorgyline  as  a  MAOA-targeting  functionality  because  of  the  high  affinity  and  selectivity 
of  this  compound  towards  MAOA.  The  presence  of  high-resolution  crystal  structure  of  clorgyline- 
MAOA  complex  10  facilitated  our  design.  For  tumor-targeting  and  NIR-imaging  function  we  chose 
a  MHI-148  dye  u"13.  The  high  selectivity  in  targeting  of  these  dyes  to  tumors,  mediated  by  tumor 
hypoxia  and  organic  anion-transporting  polypeptides  14 ,  has  been  demonstrated  in  human  PCa  15. 
First,  we  developed  an  effective,  scale-up  procedure  for  the  synthesis  of  MHI-clorgyline  on  the 


scale  from  hundreds  on  milligrams  to  1  gram.  It  has  been  synthesized  in  a  sequence  of  steps 
outlined  in  Scheme  2.  The  synthesis  started  with  commercially  available  3-bromopropylamine 
hydrobromide  1.  This  compound  was  converted  into  /-butyl  (3-bromopropyl)carbamate  2,  which 
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was  used  in  the  subsequent  step  to  alkylate  the  commercially  available  2,4-dichlorophenol,  giving 
an  intermediate  4.  Deprotonation  of  the  amide  in  4  was  carried  out  with  sodium  hydride,  followed 
by  alkylation  with  propargyl  bromide  5,  producing  Boc-protected  alkyne  6.  The  protecting  group 
was  removed  under  acidic  conditions  using  TFA  in  dichloromethane.  The  product  7  was  alkylated 
with  l-bromo-3-thioacetylpropane  8,  resulting  in  the  formation  of  compound  9.  Removal  of  the 
acetyl  protective  group  in  9  was  carried  out  in  methanolic  HC1,  affording  an  intermediate  10.  This 
intermediate  was  then  coupled  to  MHI-148  dye  11  using  EDC  and  4-DMAP  to  give  MHI- 
clorgyline.  The  product  was  purified  on  preparative  TLC  and  its  identity  and  purity  were  confirmed 
by  NMR  and  mass  spectrometry. 


A 


LNCaP 


C4-2B 


MAOA-overexpressinq  PC-3 


Log  [concentrations  (gM)] 
IC50[Clg]  =  80.7  ±  8.8  gM 
ICS0[M-Clg]  =  5.1  ±  0.1  gM 


Log  [concentrations  (gM)] 
IC50[Clg]  =  113.5  ±  8.0  gM 
IC50[M-Clg]  =  5.6  ±  0.1  gM 


Log  [concentrations  (gM)] 
ICsoCCIg]  =  129.3  ±  9.6  gM 
ICjjIM-Clg]  =  6.1  ±  0.2  gM 


Figure  12.  MHI-clorgyline  inhibited  PCa  cell  proliferation  and  colony  formation.  (A)  Effect  of 
Clg  and  M-clg  on  cell  viability  in  LNCaP,  C4-2B  and  MAOA-overexpressing  PC-3  cells  as 
measured  by  MTS  assays.  (B)  Cell  number  counting  assays  with  LNCaP,  C4-2B  and  MAOA- 
overexpressing  PC-3  cells  treated  with  Clg  or  M-clg  (1  pM)  for  12  days.  Compound-added 
medium  was  replenished  every  3  days,  PBS  was  used  as  the  vehicle.  *  p<0.05.  (C)  Colony 
formation  assays  in  either  LNCaP  cells  treated  with  Clg  or  M-clg  (1  pM,  left  panel)  or  LNCaP 
cells  targeted  by  either  a  scrambled  shRNA  (shCon)  or  a  MAO  A -targeting  shRNA  (shMAOA). 
Representative  colonies  are  shown  (left,  original  magnification,  xl00,  scale  bars:  50  pm;  right, 
original  magnification,  x200,  scale  bars:  100  pm).  p<0.05, '  pcO.Ol. 
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We  first  demonstrated  that  MHI-clorgyline  reduced  colony  formation,  migration  and  invasion  of 
PCa  cells.  PCa  LNCaP,  C4-2B  and  MAOA-overexpressing  PC-3  cells  16  were  used  for  cell 
viability  (Figure  12A)  and  cell  proliferation  assays  (Figure  12B).  Treatment  with  clorgyline 
produced  dose  response  curves  with  50%  inhibitory  concentrations  (IC50)  of  80.7  ±  8.8  pM  in 
LNCaP,  113.5  ±  8.0  pM  in  C4-2B,  and  129.3  ±  9.6  pM  in  MAOA-overexpressing  PC-3  cells.  By 
comparison,  treatment  with  MHI-clorgyline  produced  curves  with  IC50  of  5.1  ±0.1  pM  in  LNCaP, 
5.6  ±  0.1  pM  in  C4-2B,  and  6.1  ±  0.2  pM  in  MAOA-overexpressing  PC-3  cells,  indicating  12-20 
times  higher  efficacy  for  MHI-clorgyline  in  inhibiting  PCa  cells  growth  as  compared  to  clorgyline. 
In  cell  number  counting  assays  we  observed  that  both  clorgyline  and  MHI-clorgyline  reduced  the 
number  of  proliferating  cells  after  12  days.  MHI-clorgyline  also  showed  higher  efficacy  as 
compared  to  clorgyline  (Figure  12B). 

Colony  formation  assays  were  performed  in  LNCaP  cells  treated  with  clorgyline  or  MHI- 
clorgyline  (Figure  12C).  In  a  parallel  setup,  LNCaP  cells  were  targeted  by  either  a  MAO  A- targeting 
shRNA  (shMAOA)  or  a  scrambled  shRNA  (shCon).  Treatment  with  clorgyline  and  MHI- 
clorgyline  resulted  in  a  reduction  of  the  colony  number  by  as  much  as  45%,  although  in  this  assay 
the  difference  between  the  activities  of  clorgyline  or  MHI-clorgyline  was  not  statistically 
significant  (left  panel).  Treatment  with  the  MAOA- targeting  shRNA  reduced  colony  number  by 
only  25%,  as  compared  to  treatment  with  scrambled  shRNA  (right  panel). 


Figure  13.  MHI-clorgyline  reduced  the  migration  and  invasion  of  PCa  cells. 

(A)  Migration  assays  of  LNCaP  and  C4-2B  cells  treated  with  Clg  or  M-clg  (1  pM,  48  hours). 

/;<(). 01 .  Representative  images  from  LNCaP  cells  are  shown.  Original  magnification,  x200; 
scale  bars:  200  pm.  (B)  Invasion  assays  of  LNCaP  and  C4-2B  cells  treated  with  clg  or  M-clg 
(1  pM,  48  hours).  pcO.Ol.  Representative  images  from  LNCaP  cells  are  shown.  Original 
magnification,  x200;  scale  bars:  200  pm. 


We  determined  the  ability  of  MHI-clorgyline  and  clorgyline  to  inhibit  migration  of  LNCaP  and 
C4-2B  cells.  After  treatment  with  compounds  at  1  pM  concentration  for  48  hours  the  LNCaP  cells 
showed  statistically  significant  reduction  in  migration  (20%  for  clorgyline,  35%  for  MHI- 
clorgyline,  Figure  13 A,  left  panel).  A  similar  result  was  observed  for  C4-2B  cells  (Figure  13 A, 
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right  panel).  In  invasion  assays,  cells  treated  with  MHI-clorgyline  and  clorgyline  also  showed 
50%  reduction  in  LNCaP  and  40-45%  in  C4-2B  cells  (Figure  13B). 


In  order  to  assess  the  efficacies  of  MHI-clorgyline  in  vivo,  subcutaneous  tumor  xenograft  mouse 
models  were  used.  After  being  implanted  subcutaneously  into  male  nude  mice,  C4-2B  cells  formed 
tumors  in  3-4  weeks.  After  tumors  reached  200  mm3,  mice  were  randomly  assigned  into  three 
groups  to  receive  treatments  every  other  day:  1)  control,  2)  clorgyline  and  3)  MHI-clorgyline.  Two 
routes  of  administration  were  used  to  test  the  tumor- specific  targeting  ability  of  MHI-clorgyline: 
intratumoral  and  intraperitoneal.  We  explored  an  intratumoral  injection  because  for  clorgyline,  the 
MAOA  inhibitor  without  tumor-targeting  specificity,  this  route  could  produce  higher  clorgyline 
concentration  inside  the  tumor’s  interstitium,  making  more  stringent  conditions  for  comparison 
with  the  treatment  efficacy  of  tumor-targeting  MHI-clorgyline.  Tumors  were  measured  with 
calipers  and  tumor  volume  was  calculated  every  three  days  during  the  21 -day  treatment.  Serum 
PSA  levels  in  mice  were  determined  on  day  11,  the  middle  of  treatment  course,  and  tumor  MAOA 
activity  was  determined  at  the  end  of  treatment.  Mice  body  weights  were  monitored  on  a  weekly 
basis  since  the  time  of  inoculation.  At  the  experiment  endpoint  mice  were  euthanized,  tumors  were 
excised,  and  tumor  weights  were  determined.  MHI-clorgyline-  and  clorgyline-treated  mice  showed 
significant  delays  in  tumor  growth  (Figure  14A),  reduction  in  PSA  levels  (Figure  14B)  and 
decreases  in  tumor  weight  as  compared  to  control  mice  (Figure  14C).  It  is  noteworthy  that  even 
under  the  stringent  conditions  of  intratumoral  injection  designed  to  improve  efficacy  of  clorgyline, 


9  12  15  18  21 
Day 


Figure  14.  MHI-clorgyline  inhibited  the  growth  of  C4-2B  tumor  xenografts  in  mice. 

(A)  C4-2B  cells  were  subcutaneously  injected  into  male  nude  mice  (n=5  to  6  for  each  group)  to 
establish  tumor  xenografts.  After  tumor  size  reached  200  mm3,  mice  were  given  intratumoral 
treatments  (saline,  Clg;  2436  nmol/mouse  and  M-clg;  750  nmol/mouse)  every  other  day  for  a 
21 -day  period.  Tumor  size  was  determined  by  calipers  and  tumor  volume  was  measured. 
p<0.05,  p<0.01.  (B)  Serum  PSA  levels  in  mice  were  determined  on  day  1 1  since  the  start  of 

treatment  by  ELISA  assay.  /;<0.05.  (C)  Tumor  weight  was  determined  at  the  time  of  sacrificing 
mice.  p<0.05,  pcO.Ol.  (D)  In  vivo  and  ex  vivo  NIR  imaging  of  mice  given  M-clg  treatment. 
Representative  images  are  shown.  (E)  Tumor  MAOA  catalytic  activity  was  determined  at  the 
time  of  euthanasia.  p<0.05.  (F)  Mice  body  weight  was  determined  every  week  since  tumor 
implantation. 
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MHI-clorgyline  still  showed  superior  results.  NIR  imaging  of  the  whole  body  in  vivo  and 
individual  tumor  and  normal  organs  ex  vivo  clearly  showed  MHI-clorgyline  localization  within  the 
tumor  (Figure  14D).  Measurements  of  MAO  A  activity  in  tumors  showed  its  significant  reduction 
in  both  MHI-clorgyline-  and  clorgyline-treated  mice  (Figure  4E).  All  mice  in  treated  and  control 
groups  showed  similar  changes  in  body  weight  that  did  not  exceed  18%  throughout  the  entire 
duration  of  experiment  (Figure  14F),  suggesting  that  this  treatment  regimen  was  well  tolerated  by 
the  animals. 


We  next  performed  hematoxylin 
and  eosin  staining  (H&E)  and 
immunohistochemical  analysis 
of  protein  expression  patterns  of 
Ki-67  (a  cell  proliferation 
marker),  M30  (a  cell  apoptosis 
marker)  and  CD31  (an 
angiogenesis  marker)  in  tumor 
specimens  from  control  and 
treated  groups  (Figure  15 A). 
H&E  staining  showed  a  decrease 
in  the  nucleus  to  cytoplasm  ratios 
in  cells  from  tumors  treated  by 
MHI-clorgyline  and  clorgyline, 
as  compared  to  control  group, 
suggesting  reduced  malignancy 
in  treated  tumors  17.  Ki-67 
staining  of  tumor  specimens 
revealed  a  30%-35%  decrease  of 
Ki-67+  cells  in  MHI-clorgyline- 
and  clorgyline-treated  tumors 
(Figure  7B,  left  panel).  We 
observed  10-12  fold  increase  of 
M30+  area  (middle  panel)  and 
30-40%  decrease  in  CD31+  area 
(right  panel)  in  the  treated 
specimens  as  compared  to 
controls  (Figure  15B), 
suggesting  increased  apoptosis 
and  reduced  angiogenesis 
occurring  in  treated  tumors. 
Gene  expression  profiling 
further  indicated  downregulation 
in  expression  of  such  proto¬ 
oncogenes  or  oncogenes  as  FOS, 
JUN  NFKB1  and  MYC  and 
upregulation  of  TP53  tumor 
suppressor  gene  expression  in 
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Figure  15.  Analysis  of  tumor  specimens  obtained  from 
treated  and  control  mice. 

(A)  H&E  and  immunohistochemical  analysis  of  Ki-67,  M30 
and  CD31  expression  in  respective  tumor  specimens. 
Representative  images  are  shown.  Original  magnification, 
x400;  scale  bars:  20  pm.  (B)  Quantification  of  percent  Ki- 
67'1',  M30+  and  CD31+  tumor  cells  or  areas  of  five  distinct 
images  from  each  group.  The  data  represent  mean  ±  SD. 
p<0.01.  (C)  Heat  map  depicting  gene  expression  profiling 
of  tumor  samples  from  each  group.  Red  and  blue  colors 
indicate  relatively  high  and  low  expression  levels, 
respectively. 
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response  to  treatment.  Cell-cycle  regulator  genes  that  activate  cell  cycle  progression,  such  as 
CCND1,  CCNE1,  CDK4,  and  CDK6,  were  also  downregulated,  whereas  expression  of  select  cell- 
cycle  inhibitors,  including  CDKN1A  and  CDKN2A  increased  in  the  MHI-clorgyline-  and 
clorgyline-treated  tumors  as  compared  to  controls.  In  contrast,  decreased  expression  of  anti- 
apoptotic  BCL2  gene  was  revealed  in  treated  tumor  samples.  In  addition,  genes  involved  in 
MAOA-downstream  signaling  demonstrated  to  promote  EMT  (VIM,  SNAI1,  SNAI2  and  TWIST  1), 
tumor  hypoxia  ( VEGFA  and  GLUT1)  and  cancer  cell  migration,  invasion  and  metastasis  ( 1L6 ,  IL8, 
MMP2,  MMP9  and  MET)  16  all  showed  reduced  expression  by  treatment  (Figure  15C). 

Conclusion:  MHI-clorgyline  targets  tumor  with  no  detectable  accumulation  in  normal  tissues, 
providing  effective  reduction  of  the  tumor  growth  rate  and  tumor  metastasis.  Analysis  of  the  tumor 
specimens  shows  reduction  in  Ki-67+  and  CD31+  markers,  suggesting  reduction  of  cell 
proliferation  and  angiogenesis,  and  increase  in  M30+  markers,  indicating  an  increased  apoptosis. 
Furthermore,  gene  expression  profiles  of  tumors  treated  with  MHI-clorgyline  showed  a  reduction 
in  expression  of  oncogenes  FOS,  JUN,  NFKB,  MYC,  cell  cycle  regulators  CCND1,  CCNE1, 
CDK4/6,  and  an  increase  in  the  levels  of  tumor  suppressor  gene  TP 5 3  and  cell  cycle  inhibitors 
CDKN1A  and  CDKN2A.  The  genes  downstream  of  MAOA,  which  promote  EMT,  tumor  hypoxia 
and  cancer  cell  invasion  and  migration,  were  also  reduced  in  expression.  This  indicates  anti¬ 
metastatic  activity  of  MHI-clorgyline. 

Task  3e:  We  assessed  the  tumor-targeting  properties  of  NIR-clorgyline  for  prostate  cancer  in  vivo. 


Figure  16.  Tumor-targeting  properties  of  NIR-MAOA 
inhibitor  in  mouse  xenografts.  C4-2B  cells  were 
subcutaneously  implanted  into  both  flanks  of  male  nude 
mice  to  form  tumor  xenografts.  Mice  bearing  C4-2B  tumor 
xenografts  were  intraperitoneally  injected  with  NIR-MAOA 
inhibitor  (50  nmol/mouse)  and  24  h  later  subjected  to  NIR 
imaging.  One  representative  image  is  shown.  Tumors  are 
indicated  by  the  arrows.  NIR  fluorescence  color  scales 
denote  x  1 09  and  xlO10  for  intratumoral  and  intraperitoneal 
injections,  respectively,  in  the  units  of  radiant  efficiency 
([p/sec/cm2/sr]/[pW/cm2]). 


We  demonstrated  the  tumor-targeting  properties  of  NIR- 
MAOA  inhibitor.  C4-2B  cells  were  subcutaneously  implanted  contralaterally  into  both  flanks  of 
male  nude  mice.  After  the  formation  of  two  tumor  xenografts  in  each  mouse,  NIR-MAOA 
inhibitor  was  injected  intraperitoneally.  Figure  16  shows  that  NIR-MAOA  inhibitor  selectively 
targets  two  tumors  when  administered  in  an  intraperitoneal  injection.  NIR  imaging  showed  no 
observable  NIR  signals  in  other  body  parts,  further  confirming  the  tumor- specific  targeting  of  NIR- 
MAOA  inhibitor  and  its  systemic  circulation. 
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The  determination  of  tumor  growth  post-injection  of  NIR-clorgyline  by  serial  imaging,  as  well  as 
the  IHC  analysis  of  tumor  specimens  post-sacrifice  (e.g.  cell  proliferation  markers)  were 
previously  completed  and  described  in  our  Year  2  report. 

In  our  recent  report,  the  therapeutic  effect  of  a  NIR  dye-gemcitabine  conjugate  was  assessed  in  a 
22Rvl  prostate  tumor  brain  metastasis  xenograft  model,  which  may  help  address  whether  NIR 
dye-drug  works  for  prostate  cancer  metastasis  as  we  originally  proposed  (1). 

Conclusion:  These  results  suggest  that  NIR-MAO  A  inhibitor  exerts  its  effect  through  tumor- 
targeted  delivery  of  a  MAO  A-inactivating  group,  namely  clorgyline,  making  it  a  valuable  anti¬ 
tumor  agent. 

Task  3-2:  We  examined  the  hypothesis  that  MAOA  may  act  like  a  tumor  promoter  in  the  context 
of  PCa  through  its  induction  of  ROS  and  hypoxia. 
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Figure  17.  Prostate-specific  deletion  of  MAOA  reduced  prostate  enlargement  resulting  from  Pten 
inactivation  in  Anterior  prostate  (AP).  The  gross  anatomy  of  prostate  of  wild  type,  Pten  KO  and 
MAOA/Pten  double  KO  mice  (6  months  old)  are  shown. 


Since  monoamine  oxidase  A  (MAO  A)  has  been  implicated  in  prostate  cancer  growth  and 
metastasis,  we  have  studied  the  effects  of  MAO  A  on  immune  cells  in  the  tumor 
microenvironment.  To  understand  the  role  of  MAO  A  in  prostate  cancer  progression  in  vivo ,  MAO 
A/P  ten  double  knockout  mice  were  generated  and  demonstrated  that  deletion  of  MAO  A  delayed 
prostate  tumor  development  and  supported  an  immunostimulatory  environment  in  the  Pten 
knockout  mouse  model  of  prostate  adenocarcinoma  (Figure  17).  Paraffin  embedded  prostate 
tissues  from  MAO  A/Pten  knockouts  had  elevated  staining  for  markers  of  immune  stimulation 
(CD8+  cytotoxic  T  cells,  granzyme  B,  and  IFNy)  and  decreased  expression  of  markers  of  immune 
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suppression  (FoxP3,  CDllb,  HIF- 1-alpha,  and  arginase  1)  compared  to  parental  Pten  knockouts 
( MAO  A  wildtype).  Multiple  antigen  immuno staining  showed  that  cells  contributing  to  immune 
suppression  were  mostly  CDllb+  myeloid  derived  suppressor  cells  (MDSC).  The  data  suggests 
that  deletion  of  MAO  A  reduces  immune  suppression  in  prostate  tumors  and  enhances  antitumor 
immunity. 

Conclusion:  Our  results  suggest  that  inactivation  of  MAO  A  delays  prostate  cancer  progression 
in  Pten  KO  mice.  This  mouse  model  sets  a  stage  for  future  studies  with  prostate -specific 
Pten/MAOA  DKO  mouse  model  will  enhance  our  understanding  of  the  functional  roles  of  the 
MAOA  in  prostate  cancer  progression  and  metastasis. 

In  summary, 

•  We  established  MAOA-knockdown  (KD)  PCa  cells:  LNCaP,  C4-2  and  ARCaPM. 

•  We  have  shown  that  MAOA  effect  is  driving  epithelial-to-mesenchymal  transition 
(EMT)  and  hypoxia  in  human  prostate  cancer  xenografts. 

•  We  demonstrated  that  MAO  A  knockdown  reduces  the  rate  of  growth  and  metastasis  of 
PCa  cells. 

•  We  showed  that  MAOA  drives  tumor  invasion  to  bone. 

•  We  demonstrated  that  MAOA  knockdown  in  both  human  C4-2  or  ARCaPM  PCa  cells 
reduced  tumor-invading  bone  lesions. 

•  We  established  that  MAOA  regulates  HIFla  stability  through  ROS. 

•  The  elevated  levels  of  HIFla  result  in  upregulated  expression  of  VEGF-A,  GLUT1  and 
TWIST  1  genes,  resulting  in  an  increased  tumorigenesis. 

•  We  designed  an  efficient  organic  synthetic  route  leading  to  novel  tumor-targeting  agent 
-  MHI-clorgyline. 

•  We  showed  that  MHI-clorgyline  targets  mitochondria  of  prostate  cancer  cells. 

•  We  demonstrated  a  remarkable  efficacy  of  MHI-clorgyline  in  inhibiting  MAOA  activity 
in  PCa  cells,  resulting  in  a  suppression  of  cell  growth  and  the  rate  of  colony  formation. 

•  We  showed  that  MHI-clorgyline  reduced  PCa  angiogenesis,  increases  apoptosis  in  vitro 
and  in  vivo. 

•  We  showed  that  the  NIR  dye-drug  conjugate  was  an  effective  approach  to  target  and 
inhibit  prostate  cancer  metastasis  to  distant  organs,  such  as  brain. 
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•  MHI-clorgyline  also  reduced  the  expression  of  oncogenes  and  cell  cycle  regulators  that 
promote  EMT,  tumor  hypoxia  and  cancer  cell  invasion  and  migration,  indicating  anti¬ 
metastatic  activity  of  the  conjugate. 

•  We  developed  Pten/MAOA  double-knockout  mouse  models  to  study  the  effect  of  Pten 
and  MAOA  loss  on  the  onset  and  progression  of  PCa. 


4.  IMPACT: 

During  three  years  of  the  grant  support,  we  established  the  role  of  MAOA  in  human  PCa 
progression  and  metastasis.  Through  our  experimental  work  we  defined  the  molecular  basis  of 
MAOA  functions  in  PCa.  We  found  that  hypoxia  induces  MAO  A  expression  in  prostate 
cancers  cells  contacting  a  low  to  moderate  level  of  MAO  A,  which  correlates  with  the  increase 
in  HIFla  protein. 

The  significant  efforts  of  synthetic  chemistry,  imaging  and  molecular  pharmacology  allowed 
us  to  develop  an  effective  MAOA  targeting  strategy  in  tumors  as  well  as  means  of  inhibition  of 
its  downstream  targets.  Our  novel  MAOA  inhibitor,  MHI-clorgyline,  is  selectively  delivered 
to  PCa  cells  using  a  dye-drug  conjugate  platform  to  specifically  target  tumors  without  collateral 
damage  to  central  nervous  systems  and  the  impairment  of  the  normal  tissue  functions.  The  dye- 
drug  conjugates  can  be  visualized  in  tumors  through  the  use  of  NIR  imaging,  which  could  also 
be  utilized  as  a  monitoring  tool  for  the  assessment  of  the  drug  efficacy,  its  delivery,  and  its 
impact  on  tumor  growth  and  metastasis.  We  found  that  treatment  with  MHI-clorgyline  resulted 
in  a  reduction  of  cell  proliferation  and  angiogenesis,  and  increase  in  apoptosis  of  PCa  cells. 
Gene  expression  profiles  of  tumors  treated  with  MHI-clorgyline  also  indicated  reduction  in 
expression  of  oncogenes  and  cell  cycle  regulators  downstream  of  MAOA  and  increase  in  the 
levels  of  tumor  suppressor  gene  TP53  and  cell  cycle  inhibitors.  This  suggests  that  MHI- 
clorgyline  decreased  proliferative  and  metastatic  potential  of  PCa  cells  and  tumors. 

We  further  demonstrated  the  tumor-targeting  property  of  NIR-MAO  A  inhibitor  that  we 
developed.  Following  the  intraperitoneal  injection,  NIR-MAO  A  inhibitor  selectively  localized 
to  tumors  in  the  mice  bearing  tumor  xenografts  formed  by  human  prostate  cancer  cells  as 
determined  by  serial  NIR  imaging.  The  results  from  the  above  studies  were  disseminated  to  the 
public  through  multiple  means  including  internet-based  news  media,  journal  and/or  book 
publication,  conference  presentation,  etc. 

In  order  to  further  study  the  role  of  MAOA  in  PCa  progression,  we  generated  a  Pten/MAOA 
double  knockout  mouse  model  through  the  deletion  of  MAOA  in  a  conditional  Pten  knockout 
mouse  model.  These  mice  showed  reduction  in  myeloid-derived  suppressor  cells  and  a  delayed 
formation  of  PCa  tumors,  suggesting  that  MAOA  has  an  immunosuppressive  effect  in  hypoxic 
prostate  tumors,  facilitating  the  evasion  of  tumor  cells  from  detection  by  the  immune  system. 

Based  on  the  research  findings,  MAO-A  activity  increases  with  prostate  cancer  progression, 
metastasis,  and  in  patients  treated  with  chemotherapy.  MAO-A  inhibitors  have  been  used  as 
anti-depressants  so  they  are  safe  for  human  use.  Currently,  a  Phase  II  clinical  trial 
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(ClinialTrials.gov  Identifier:  NCT02217709; 

https://clinicaltrials.gov/ct2/show/study/NCT02217709)  is  ongoing,  evaluating  the  efficacy  of 
MAO  inhibitor  in  non-metastatic  recurrent  prostate  cancer. 


5.  CHANGES/PROBLEMS 

Throughout  our  studies,  we  have  encountered  difficulties  in  performing  orthotopic  injections  of 
PCa  cells  in  order  to  establish  orthotopic  PCa  models  for  evaluation  of  the  MAO  A  role  in  PCa 
growth  and  metastasis.  These  difficulties  were  circumvented  by  taking  alternative  approaches 
where  we  generated  prostate-specific  Pten/MAOA  double  knockout  mice.  Prostate-specific  Pten 
KO  mice  grow  prostate  tumors  due  to  the  deletion  of  tumor  suppressor  Pten  gene.  This  transgenic 
mouse  model  by  harboring  spontaneous  tumors  better  mimics  prostate  tumor  growth  than  tumor 
xenograft  mouse  models.  We  showed  that  genetic  knockout  of  MAOA  in  Pten-null  background 
significantly  impeded  prostate  enlargement  and  prostate  tumor  growth  in  the  primary  site,  which 
along  with  results  from  other  injections  models  (subcutaneous,  intracardiac  and  intratibial) 
strongly  indicate  MAOA’s  role  in  promoting  prostate  tumor  growth  and  metastasis. 

In  addition,  we  performed  gene  expression  profiling  on  tumors  from  classical  mouse  xenografts 
with  the  emphasis  on  profiles  of  genes  leading  to  PCa  metastasis.  We  have  shown  that  treatment 
with  MAO  inhibitor  MHI-clorgyline  results  in  a  downregulation  of  genes  that  promote  EMT  (VIM, 
SNAI1,  SNAI2  and  TWIST1),  and  cancer  cell  migration,  invasion  and  metastasis  (IL6,  IL8,  MMP2, 
MMP9  and  MET),  suggesting  the  role  of  MAO  A  in  PCa  metastasis. 


6.  PRODUCTS: 


a. 

(1)  Lay  Press  (selected  from  over  50  news  reports): 

“Antidepressant  May  Also  Fight  Prostate  Cancer”,  USC  News,  June  2,  2014. 
https://pressroom.usc.edu/antidepressant-may-also-fight-prostate-cancer/ 

“Enzyme  used  in  antidepressants  could  help  researchers  develop  prostate 
cancer  treatments”,  HSC  News,  June  10,  2014. 
http://hscnews.usc.edu/enzyme-used-in-antidepressants-could-help- 
researchers-develop-prostate-cancer-treatments/ 

“Antidepressants  show  promise  for  treating  prostate  cancer”,  Futurity,  org  , 
June  4,  2014. 

http://www.futurity.org/antidepressants-prostate-cancer- 

enzyme/?utm_source=rss&amp;utm_medium=rss&amp;utm_campaign=antid 

epressants-prostate-cancer-enzyme 
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“Enzyme  used  in  antidepressants  could  help  researchers  develop  prostate 
cancer  treatments”,  MedicalXpress,  June  2,  2014. 

http://medicalxpress.com/news/2014-06-enzyme-antidepressants-prostate- 

cancer-treatments.html 

“Enzyme  used  in  antidepressants  could  help  researchers  develop  prostate 
cancer  treatments”,  Science  Daily,  June  1,  2014. 
http://www.sciencedaily.com/releases/2014/06/140601 1 13953.htm 

“Enzyme  Used  In  Antidepressants  Could  Help  Researchers  Develop  Prostate 
Cancer  Treatments”,  News-Line  Publishing,  June  4,  2014. 
http://www.newslinepublishing.com/NL_newsl8603_Enzyme-Used-In- 
Antidepressants-Could-Help-Researchers-Develop-Prostate-Cancer- 
Treatments 

(2)  Peer-Reviewed  Scientific  Journals:  5  Publications 

Wu  JB,  Pan  DF,  Chung  LWK.  Near-infrared  fluorescence  and  nuclear 
imaging  and  targeting  of  prostate  cancer.  Transl  Androl  Urol  2013;2(3):254- 
264. 

Wu  JB,  Shao  C,  Li  X,  Hu  P,  Chen  Y-T,  Li  Q,  Yin  F,  Li  Y,  Zhau  HE,  Shih  JC, 
and  Chung  LWK.  Monoamine  oxidase  A  mediates  prostate  tumorigenesis  and 
cancer  metastasis.  J  Clin  Invest  2014,  124(7):2891-2908. 

Wu  JB,  Shao  C,  Li  X,  Shi  C,  Li  Q,  Hu  P,  Chen  Y-T,  Dou  X,  Sahu  D,  Li  W, 
Wang  R,  Zhau  HE,  Chung  LWK.  Near- infrared  fluorescence  imaging  of 
cancer  mediated  by  tumor  hypoxia  and  HIFla/OATPs  signaling  axis. 
Biomaterials  2014,  35:8175-8185. 

Wu  JB,  Lin  T-P,  Gallagher  JD,  Kushal  S,  Zhau  HE,  Chung  LWK,  Olenyuk 
BZ,  Shih  JC.  Monoamine  oxidase  A  inhibitor  -  near-infrared  dye  conjugate 
reduces  prostate  tumor  growth.  J  Am  Chem  Soc  2015,  137:2366-2374. 

Wu  JB,  Shi  C,  Chu  GC,  Xu  Q,  Zhang  Y,  Li  Q,  Yu  JS,  Zhau  HE,  Chung  LW. 
Near-infrared  fluorescence  heptamethine  carbocyanine  dyes  mediate  imaging 
and  targeted  drug  delivery  for  brain  tumor.  Biomaterials  2015,  67:1-10. 
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(3)  Abstracts: 


Wu  JB,  Zhau  HE,  Chung  LW.  Monoamine  oxidase  A  promotes  prostate  cancer 
neuromimicry  by  activation  of  axon  guidance  genes.  The  Society  for  Basic 
Urologic  Research  Fall  Symposium.  Fort  Fauderdale,  FF.  (2015) 

Wu  JB,  Zhau  HE,  Posadas  E,  Chung  FW.  Monoamine  oxidase  A  reciprocally 
interacts  with  androgen  receptor  and  mediates  castration-resistant  prostate 
cancer  progression.  Cedars-Sinai  Research  Day  VI.  Eos  Angeles,  CA.  (2015) 

b.  Presentations  and  posters  made: 

Jean  C.  Shih: 

1.  International  Symposium  on  Water,  California  Institute  of  Technology, 

Pasadena,  CA  (2013),  “MAO  A,  a  Novel  Target  for  Prostate  Cancer  Progression”. 

2.  National  Taiwan  University,  Taipei,  Taiwan  (2014),  “MAO,  Cancer  and  Autism” 
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Abstract 

Despite  advances  in  the  treatment  of  castration-resistant  and  bone  metastatic  prostate  cancer 
(PCa),  there  is  still  no  clear  demonstration  that  PCa  growth  and  metastases  can  be  unambiguously 
detected.  We  review  recent  advances  including  our  own  development  of  near-infrared 
fluorescence  (NIRF)  and  near-infrared  nuclear  (NIRN)  imaging  approaches.  We  validated  our 
results  in  experimental  models  of  PCa  bone  and  soft  tissue  metastases  including  PCa  colonization 
at  metastatic  sites  by  injecting  PCa  cells  either  intratibially  or  intracardiacally.  We  describe  our 
experience  using  noninvasive  imaging  and  targeting  modalities  to  probe  PCa  tumors  grown  at 
metastatic  sites,  molecular  studies  to  understand  the  multiple  molecular  and  cellular  processes 
within  tumor  cells  and  their  interactions  with  the  tumor  microenvironment,  and  targeting  tumor 
growth  at  metastatic  bone  site.  In  this  review,  current  knowledge  and  emerging  technologies  based 
on  NIRF  and  NIRN  disciplines  will  be  summarized.  Additionally  the  mechanisms  of  differential 
uptake  of  these  agents  by  normal  and  cancerous  cells  will  be  described. 

Keywords 

Bone  metastasis;  heptamethine  cyanine  dyes;  near-infrared  fluorescence  (NIRF);  nuclear  imaging; 
positron  emission  tomography  (PET);  prostate  cancer  (PCa) 


Introduction 

Prostate  cancer  (PCa)  is  a  heterogeneous  disease  with  the  biological  potential  to  develop  an 
aggressive  and  lethal  phenotype  (1).  PCa  is  the  most  common  cancer  diagnosed  in  men  in 
the  Western  countries  but  only  one  of  every  8-10  patients  diagnosed  with  PCa  will  die  from 
this  disease  (2,3).  Thus  it  is  important  to  develop  effective  methods  not  only  to  diagnose 
PCa  but  also  to  effectively  select  patients  who  need  to  be  treated  and  avoid  unnecessary 
treatment.  It  is  also  vital  to  target  tumors  that  have  recurred,  escaping  initial  treatments  and 
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developing  into  metastatic  disease.  Molecular  imaging  of  PCa  using  such  conventional 
imaging  methodologies  as  X-ray  computed  tomography  (CT),  magnetic  resonance  imaging 
(MRI)  and  ultrasound  has  been  successful  for  detecting  organ-confined  or  metastatic  disease 
for  disease  staging  and  companion  diagnosis  and  prognosis  (4,5).  However,  these  techniques 
also  show  the  limitations  of  current  cancer-specific  imaging  and  cannot  reliably  delineate 
the  occurrence,  the  location,  and  the  biochemical  status  of  cancer  and  cancer  metastases. 
Positron  emission  tomography  (PET)/single-photon  emission  computed  tomography 
(SPECT)  for  nuclear  imaging  have  distinct  advantages  over  conventional  imaging,  with 
unique  noninvasive  properties  capable  of  monitoring  the  metabolic  and  molecular 
characteristics  of  cancer  cells.  These  approaches  utilize  short-lived  nuclear  tracers  and 
acquire  signals  emanating  from  the  body  after  administration  of  imaging  agents  that  target 
cancer-specific  alterations,  including  glucose,  amino  acid  and  fatty  acid  metabolism, 
receptor  status,  cellular  proliferation,  tumor  hypoxia  and  blood  flow  (6).  Currently,  several 
PET  tracers  have  been  applied  for  clinical  imaging  of  both  early-  and  late-stage  PCa,  such 
as  1  8F-fl uorodeoxyglucose  (FDG),  choline  (nC  and  18F  labeled),  18F-dihydrotestosterone 
(FDHT)  and  sodium  18F-fluoride  (NaF).  These  molecular  imaging  agents  can  potentially 
greatly  elevate  our  ability  to  diagnose,  prognose  and  monitor  treatment  responses  in  PCa 
patients. 

Near-infrared  fluorescence  (NIRF)  imaging  agents  can  potentially  increase  the  sensitivity 
and  specificity  of  cancer  diagnosis  because  NIRF  have  low  autofluorescence,  tissue 
absorbance,  and  scatter  at  NIR  wavelengths  (700-900  nm)  (7).  Once  the  specificity  of  these 
agents  is  established,  a  number  of  modifications  can  be  made  including  the  conversion  of 
these  agents  into  effective  nuclear  imaging  probes,  or  conjugating  these  agents  with 
effective  therapeutic  drugs  to  target  cancer  metastasis.  The  NIRF  approach  shares  common 
physical  properties  with  nuclear  imaging  techniques,  such  as  the  potential  use  of  tracer 
administration  of  a  contrast  agent,  which  enables  the  development  of  combinational  use  of 
both  techniques  for  cancer  imaging  (see  below).  Most  conventional  approaches  for  utilizing 
NIR  dyes  in  cancer  imaging  require  chemical  conjugation  of  NIR  fluorophores  with 
appropriate  cancer-targeting  moieties  such  as  peptides,  antibodies,  aptamers,  growth  factors 
and  metabolic  substrates  (8-11).  However,  these  approaches  are  less  efficient  because  of 
tumor  cell  heterogeneity.  Only  a  limited  number  of  cancer  cells  may  express  the  specified 
cell  surface  receptors  or  ligands,  and  the  constant  evolution  of  cancer  cells  known  to  occur 
within  a  tumor  could  alter  cancer  cell  surface  properties  (12,13).  The  specificity  and  affinity 
of  targeting  ligands  also  be  altered  subtly  following  chemical  conjugation  (14).  Our  group 
has  recently  discovered  a  novel  class  of  NIR  heptamethine  carbocyanine  dyes  that  can  be 
used  as  dual  imaging  and  targeting  agents,  and  demonstrated  their  preferential  accumulation 
and  retention  in  cancer  but  not  normal  cells,  enabling  cancer-specific  targeting  without  the 
need  for  chemical  conjugation  (15,16).  These  agents  greatly  fulfill  the  unmet  needs  for 
specific  imaging  of  PCa  despite  its  heterogeneity,  which  to  some  extent  is  inadequately 
assessed  by  conventional  methods.  In  this  review,  we  will  discuss  recent  advances  in  the 
development  of  novel  NIRF,  NIRN  and  NIRF-derived  agents  and  techniques  for  imaging 
and  targeting  localized  and  metastatic  PCa. 
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NIRF  imaging  of  prostate  cancer 

NIRF  imaging  agents 

Indocyanine  green  (ICG)  is  a  noninvasive  NIRF  imaging  dye  that  has  been  used  clinically 
for  more  than  50  years  for  ophthalmic  angiography  and  to  determine  cardiac  output  and  liver 
blood  flow  and  function  (7,17).  This  tricarbocynanine  dye  is  also  used  in  cancer  patients  to 
map  sentinel  lymph  nodes,  for  the  detection  of  some  tumors  due  to  their  enhanced 
angiogenesis,  and  for  angiography  during  reconstructive  surgery  as  the  only  NIRF  agent 
approved  by  the  United  States  Food  and  Drug  Administration  (FDA)  (18-21).  Most  human 
NIR  imaging  studies  employ  ICG  within  the  blood  and  lymphatic  vasculatures.  ICG  and  its 
derivatives  are  widely  used  clinically  and  show  reasonable  NIR  features  (ex/em  760- 
785/820-840  nm)  and  the  capability  to  image  normal  but  not  cancerous  tissues,  generating 
weaker  fluorescent  properties  (i.e.,  lower  extinction  coefficients)  in  comparison  to  the  NIRF 
described  herein  (7,17).  Several  new  NIRF  agents  have  been  developed  including 
heptamethine  carbocyanine  dyes.  Some  of  these  agents  have  become  commercially  available 
in  recent  years,  such  as  Cy5.5  (22)  and  IRDye  800-CW  (23),  which  have  been  coupled  with 
peptides  or  antibodies  and  successfully  used  for  the  targeted  visualization  of  neoplastic 
tumors  in  animal  models.  Marshall  et  al.,  for  example,  reported  a  safety  and  toxicity  study  of 
the  NIRF  dye  IRDye  800CW  in  rats  that  showed  no  evidence  of  organ  toxicity  based  on  the 
hematologic,  clinical  chemistry  and  histopathologic  analyses  of  tissues  harvested  from  the 
experimental  animals  (23).  These  new  NIRF  agents  offer  great  promise  for  future  clinical 
applications  of  NIRF  imaging  agents. 

NIRF  imaging  of  prostate  cancer 

Conventional  application  of  NIRF  agents  in  PCa  imaging  use  the  chemical  conjugation  of 
specified  NIRF  agents  to  cancer  cell-surface  targeting  moieties,  such  as  peptides  and 
antibodies  recognized  as  tumor-specific  biomarkers  (19).  One  such  biomarker  is  prostate- 
specific  antigen  (PSA),  an  androgen  receptor  (AR)  target  gene  expressed  almost  exclusively 
by  prostate  epithelium.  PSA,  expressed  by  both  benign  and  malignant  prostate  epithelium, 
potentially  reflects  active  AR  signaling  activity  (24).  Since  AR-mediated  cell  signaling 
pathways  are  known  to  determine  human  PCa  initiation  and  progression,  and  AR  expression 
and  activity  are  elevated  in  some  castration-resistant  PCa  (CRPC)  (25),  many  groups  have 
sought  to  image  PCa  through  the  use  of  PSA  as  a  biomarker.  PSA  is  initially  produced  as  a 
catalytically  active  serine  protease  (free  PSA),  released  subsequently  into  the  perivascular 
space,  by  rapid  and  irreversible  conversion  to  non-catalytic  forms  (26,27).  In  a  recent  study, 
Ulmert  et  al.  described  a  new  approach  to  specifically  image  tumor-associated  free  PSA  in 
multiple  preclinical  models  with  x<)Zr- labeled  5A10,  a  novel  radiotracer  consisting  of  a 
monoclonal  antibody  that  specifically  recognizes  an  epitope  adjacent  to  the  catalytic  cleft  of 
PSA  (28).  In  line  with  the  same  principle,  Ho  et  al.  developed  an  enzymatically  cleavable 
peptide  sequence  labeled  with  NIR  fluorophores  (ex/em  740/770  nm),  PSA750,  which  is 
optically  quenched  (>95%)  and  only  becomes  fluorescent  upon  cleavage  by  enzymatically- 
active  PSA,  yielding  a  significantly  increased  NIR  signal  from  the  site  where  PSA  is 
secreted  or  deposited  (29).  Currently,  serum  PSA  levels  are  widely  used  clinically  as  an 
indicator  for  primary  screening  and  a  biomarker  for  therapeutic  responses,  but  PSA 
expression  alone  cannot  distinguish  benign  from  malignant  prostate  epithelium  (30,31).  The 
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noninvasive  imaging  tools  developed  for  measuring  tumor-associated  PSA  expression  could 
more  clearly  reflect  AR-driven  changes  in  PSA  expression  and  could  be  used  to  supplement 
the  current  clinical  PSA  test. 

Another  cell-surface  antigen  for  PCa  is  prostate-specific  membrane  antigen  (PSMA). 

PSMA,  elevated  in  CRPC,  is  a  plausible  target  for  imaging  probe  development  (32-34). 
Radioactive  1 1  'in-labeled  PSMA  antibody  has  been  used  as  a  reagent  in  SPECT  imaging.  In 
addition  to  being  a  biomarker  of  PCa,  PSMA  has  been  proposed  as  a  target  for  image-guided 
surgery  due  to  its  cell  surface-expressing  characteristics.  To  better  identify  prostate  tumor 
margins  during  surgery,  Nakajima  et  al.  synthesized  an  activatable  anti-PSMA  monoclonal 
antibody  (J591)-NIR  fluorophore  (ICG)  conjugate  and  tested  it  in  a  PC-3  prostate  tumor 
xenograft  mouse  model  (35).  Prior  to  binding  to  PSMA  and  cellular  internalization,  the 
conjugate  yielded  little  light.  However,  upon  internalization  and  cleavage,  NIR-ICG 
intensity  in  PCa  was  elevated  by  18-fold,  permitting  the  detection  of  PSMA+  PC-3  but  not 
PSMA-  PC-3  tumors  for  up  to  10  days  after  a  low-dose  (0.25  mg/kg)  injection.  In  another 
study,  Humblet  et  al.  synthesized  a  single  nucleophile-containing  small  molecule  specific 
for  the  active  site  of  PSMA  enzyme  that  is  chemically  conjugated  to  an  ICG  derivative  (10). 
This  conjugate  shows  high-affinity  binding  to  PSMA  in  xenograft  prostate  tumors  by  NIRF 
imaging.  These  NIRF-based  PSMA-targeting  imaging  approaches  are  reproducible  at  the 
cellular  level  in  PCa  as  well.  Fiu  et  al.  developed  a  NIRF  imaging  probe  (Cy5.5-CTT-54.2) 
by  chemical  conjugation  of  a  Cy5.5  derivative  with  a  potent  PSMA  inhibitor  (CTT-54.2) 
(36).  The  probe  displays  high  potency  against  PSMA  and  has  demonstrated  successful 
application  for  specifically  labeling  PSMA+  FNCaP  PCa  cells  in  both  2D  and  3D  cell 
culture  conditions. 

Another  approach  to  developing  targeted  molecules  relies  on  the  aberrant  metabolic 
pathways  established  by  cancer  cells.  Cancer  cells  have  been  observed  to  exhibit  altered 
metabolism  and  increased  requirements  for  glucose  and  glutamine,  which  is  facilitated  by 
the  overexpression  of  glucose  transporter  proteins  (GFUTs)  (37-39).  FDG  is  a  glucose 
analog  that  has  been  used  extensively  in  cancer  detection  and  therapeutic  monitoring  in  the 
form  of  a  18F-FDG  probe,  detected  by  PET  (40,41).  The  18F-FDG  probe,  however,  has 
several  limitations,  such  as  an  extremely  short  half-life  for  following  by  positron-emitting 
nuclides,  exhibiting  low  spatial  resolution,  being  a  radioactive  compound,  and  is  also 
abundantly  taken  up  by  tissues  with  high  basal  metabolic  rates,  such  as  the  brain.  To 
overcome  these  intrinsic  PET  imaging  limitations,  an  NIRF  imaging  approach  has  been 
proposed  and  developed  as  a  replacement  for  metabolic  imaging  using  a  similar  targeting 
principle.  Korotcov  et  al.  (42)  designed  an  NIRF  probe  (cypate)  chemically  conjugated  to 
one  or  more  glucosamine  (GlcN)  moieties,  a  common  substrate  for  all  4  isoforms  of  GFUTs 
with  higher  affinity  for  GFUT2  than  glucose  (39,42,43),  and  demonstrated  good  uptake  of 
the  GlcN-linked  NIRF  probe  in  both  PC-3  cell  culture  and  live  mice.  In  summary,  diverse 
molecular  imaging  approaches  from  different  research  groups  have  demonstrated  the 
effectiveness  of  targeting  cell  surface-based  biomarkers  or  the  metabolic  differences 
between  normal  and  cancer  cells  for  monitoring  PCa  growth  and  recognizing  the  surgical 
margins  of  PCa  tumors  during  surgery. 
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NIRF  imaging  of  metastases  in  experimental  prostate  cancer  models 

Imaging  of  lymph  node  metastases 

Early-stage  PCa  develops  seminal  vesicle  invasion  and  micrometastases  to  surrounding 
lymph  nodes  (LNs).  Pelvic  LN  dissection  (PLND)  is  widely  used  in  the  clinic  for  nodal 
staging  and  assessing  LN  metastases  in  PCa  (44).  However,  this  method  is  invasive  and 
underestimates  LN  involvement;  40-50%  of  patients  are  found  to  have  metastatic  LNs 
outside  the  standard  resection  area  (45,46).  There  is  an  unmet  need  for  more  accurate 
noninvasive  diagnostic  techniques.  Abnormal  lymphatic  function  has  been  associated  with  a 
wide  spectrum  of  diseases  and  is  also  intimately  involved  in  cancer  metastases  (7,47). 
Preclinical  cancer  studies  show  apparent  dilation  and  proliferation  of  tumor-draining 
lymphatic  vessels  and  tumor-draining  lymph  node  remodeling  (47),  which  offers  a  targeting 
opportunity  for  noninvasive  lymphatic  imaging  with  NIRL  probes.  As  the  only  NIRL  agent 
approved  by  the  PDA,  ICG  has  been  used  noninvasively  in  humans  to  uniquely  detect  blood 
and  lymphatic  vasculatures  and  used  intraoperatively  in  sentinel  LN  mapping  for 
visualization  of  tumor-draining  LNs  in  several  types  of  cancers  including  PCa  (7).  Van  der 
Poel  et  al.  recently  reported  an  approach  integrating  ICG  with  a  radioisotope  (99mTc)  and 
nanoparticles  for  injection  into  the  prostate  prior  to  surgery  for  improved  surgical  guidance 
via  multimodal  imaging,  particularly  fluorescence  imaging  (48).  Ex  vivo  analysis  further 
revealed  a  strong  correlation  between  the  radioactive  and  fluorescent  content  in  the  excised 
LNs.  Similar  detection  outcomes  in  the  percentages  of  PCa  metastases  to  LNs  by  NIRL 
imaging  (63%)  and  pPET/CT  (64%)  were  also  reported  by  Hall  et  al.,  further  confirmed  by 
pathological  examination  (49).  Alternatively,  targeting  PCa  biomarker  molecules  as  a 
conventional  approach  facilitates  NIRL  detection  of  LN  metastases.  Cai  et  al.  (50) 
synthesized  NIRL  dye  (Alexa  Pluor  680)  conjugated  BBN[7-14]NH2  peptides  that  target 
gastrin-releasing  peptide  receptors  (GRPRs),  which  showed  high  densities  on  the  cell 
membranes  of  prostatic  intraepithelial  neoplasia  (PIN),  primary  PCa  and  invasive  prostatic 
carcinomas  with  predominately  negative  expression  in  normal  prostate  tissue  and  benign 
prostatic  hyperplasia  (BPH)  (51,52),  in  an  orthotopic  PC-3  xenograft  mouse  model.  Within 
2-hour  post-injection,  the  conjugate  reached  the  highest  binding  specificity  and  affinity  in 
GRPR+  cancer  in  vivo,  and  LN  and  peritoneal  metastases  were  detected  by  NIRL  imaging, 
which  was  later  confirmed  by  histopathology.  These  studies  across  different  groups  suggest 
the  promising  future  clinical  utility  of  NIRL  imaging  in  PCa  staging  and  laparoscopic  LN 
dissection,  which  would  be  boosted  by  improved  imaging  devices  with  better  signal  capture 
from  deep  tissue  in  the  near  future. 

Imaging  of  bone  metastases 

PCa  patients  develop  lethal  bone  metastases  in  the  late  stage  of  disease  progression.  Current 
clinical  examinations  of  PCa  bone  metastases  rely  on  PET/SPECT/CT  scans.  While 
potential  limitations  in  the  use  of  these  radiotracers  in  PET  and  SPECT  imaging  including 
exposure  to  radiation,  difficulty  in  synthesizing  radioactive  tracers,  and  short  interval  of 
tracer  retention  in  tumors,  they  are  nevertheless  preferred  in  patients  due  to  the  variability  of 
tumor  depth  in  patients.  NIRL  imaging,  however,  offers  companion  diagnostic  and 
prognostic  value  by  having  a  potentially  better  safety  profile,  lower  cost  and  desirable 
sensitivity  for  the  diagnosis  of  cancer  metastasis.  Recent  advances  have  been  made  in 


Transl  Androl  Urol.  Author  manuscript;  available  in  PMC  2014  October  01. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Wu  et  al. 


Page  6 


multiple  NIRF  imaging  approaches  to  the  visualization  of  bone  metastases  utilizing  different 
targeting  strategies.  We  previously  synthesized  a  NIR  quantum  dot  (QD)  probe  (QD800) 
conjugated  to  an  anti-PSMA  antibody  and  demonstrated  the  specific  recognition  of  C4-2B 
xenografts  residing  in  mouse  tibia  by  this  NIRF  conjugate  using  the  IVIS  Imaging  System 
(53).  The  maximal  light  emission  was  detected  30  minutes  after  intravenous  injection  of 
QD800  conjugate  in  mice.  In  addition  to  the  conventional  chemical  conjugation  method,  we 
were  also  able  to  detect  metastatic  PCa  cells  in  either  bone  metastases  or  in  the  precursor 
state  as  circulating  tumor  cells  (CTCs)  by  a  novel  class  of  heptamethine  carbocyanine  dyes 
(see  below)  in  an  orthotopic  A RCaP  yi  xenograft  mouse  model  (16). 

Novel  heptamethine  carbocyanine  fluorescence  dye-based  imaging  of 
prostate  cancer 

Heptamethine  carbocyanine  fluorescence  imaging  agents 

We  recently  discovered  a  novel  class  of  NIRF  heptamethine  carbocyanine  dyes,  IR-783  and 
MHI-148,  which  is  an  effective  cancer-specific  imaging  agent.  These  agents  show 
preferential  uptake  and  retention  in  cancer  but  not  normal  cells  (15,16).  By  conjugating 
chemotherapeutic  agents  with  these  dyes,  we  observed  tumor-specific  cell  kill  without 
cytotoxicity  in  host  mice,  suggesting  the  potential  use  of  these  carbocyanine  dyes  as  carriers 
for  cancer-specific  targeting  by  small  molecules  (see  below).  The  advantages  of  this  new 
class  of  NIRF  as  imaging  agents  are:  (I)  They  have  relatively  low  molecular  weights  that 
facilitate  their  effective  uptake  into  both  localized  and  metastatic  cancers;  (II)  They  can  be 
synthesized  in  pure  form  and  are  stable  upon  storage;  (III)  They  are  taken  up  by  many 
different  types  of  cancer  cells,  including  circulating  or  disseminated  tumor  cells  and  cancer 
tissues  regardless  of  their  cell-surface  properties  and  their  plasticity;  and  (IV)  They  have  the 
potential  of  recognizing  live  versus  dead  cells  and  therefore  can  be  used  for  follow-up  in 
patients  subjected  to  treatment  by  hormonal,  radiation  and  chemotherapeutic  agents.  We 
found  that  these  dyes  can  be  retained  in  established  PCa  cell  lines  (C4-2,  PC-3  and 
ARCaPp^)  with  the  dyes  enriched  in  the  mitochondria  and  lysosomes,  but  not  in  normal 
prostatic  epithelial  and  fibroblast  cells.  In  an  orthotopic  ARCaPp  xenograft  mouse  model 
receiving  intraperitoneal  injection  of  low  dose  of  IR-783  (10  nmol/20  g),  the  NIRF  signals 
were  specifically  detected  in  the  primary  tumor  and  its  associated  bone  metastases  within  24 
hours  by  fluorescence  optical  imaging.  Similar  targeting  was  also  found  in  spontaneously 
developed  prostate  and  colon  tumors  in  the  TRAMP  PCa  and  ApcMin/+  colon  cancer  mouse 
models,  respectively  (16).  Recently,  we  extended  these  studies  to  demonstrate  successful 
detection  of  dye  uptake  in  freshly  harvested  human  PCa  tissue  xenografts  as  well  as  CTCs 
using  these  novel  NIRF  agents.  Additionally  this  novel  class  of  NIRF  showed  no  systemic 
toxicity  when  mice  were  given  a  100-fold  excess  of  the  imaging  dose  of  NIRF. 

Near-infrared  nuclear  imaging  of  prostate  cancer  using  novel  heptamethine  carbocyanine 
dyes  conjugated  to  64Cu  as  PET  probes 

Although  early  detection  of  PCa  by  blood  tests  for  elevated  levels  of  PSA  has  led  to  early 
treatment  and  a  reduction  in  death  rates,  PSA  level  alone  does  not  distinguish  between  PCa 
and  normal  conditions  that  cause  elevated  PSA  (30,31).  Because  PCa  can  be  a  very  slow- 
growing  cancer,  even  confirmation  of  PCa  cells  in  a  biopsy  gives  no  indication  whether  an 
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active  disease  will  progress  within  the  individual’s  lifetime.  As  a  result  many  patients 
receive  painful  repeated  needle  biopsies  when  PSA  is  found  to  be  elevated.  Successful 
management  of  prostate  cancer  requires  early  detection,  appropriate  risk  assessment,  and 
optimal  treatment  to  avoid  the  development  of  CRPC  with  potential  of  lethal  progression 
(54).  Nuclear  imaging  is  an  attractive  modality  for  the  detection  and  characterization  of 
disease  because  it  is  non-invasive,  quantitative,  provides  dynamic  real-time  data,  and  allows 
the  diagnosis  and  follow-up  of  patients  undergoing  therapy  (6).  Whether  the  development  of 
new  nuclear  imaging  probes  could  offer  the  opportunity  of  differentiating  indolent  from 
aggressive  prostate  tumors  remains  untested. 

Different  radionuclide -based  imaging  agents  for  planar,  PET  and  SPECT  imaging  are 
currently  used  in  the  clinic  with  some  under  development  for  PCa.  Clinical  agents  include 
the  bone  agent  methylene  diphosphonate  (MDP,  WmTc  labeled),  the  metabolic  agent  18F- 
FDG,  and  receptor  targeted  radiolabeled  monoclonal  antibodies  including  the  PSMA-based 
ProstaScint.  Agents  in  development  for  PCa  include  acetate  ( 1 1 C  labeled),  choline  ( 1 1 C 
and  18F  labeled),  1-aminocyclobutane-l -carboxylic  acid  ( 1 1 C  and  1 SF  labeled),  radiolabeled 
AR  binding  compounds,  radiolabeled  peptides  and  small  molecules  for  receptors 
overexpressed  in  PCa  or  PCa-associated  tumor  neovasculature.  Despite  a  variety  of  probes 
using  nuclear  imaging  modalities,  neither  the  detection  of  minimal  disease  nor  the  prediction 
of  indolent  versus  aggressive  PCa  has  been  accomplished.  A  simple,  accurate  method  for 
localizing  cancer  within  the  prostate  for  focal  therapy  also  remains  elusive. 

As  part  of  our  extensive  search  for  agents  that  might  have  cancer-specific  uptake  in  PCa,  we 
reported  the  discovery  of  a  new  class  of  heptamethine  carbocyanine  dyes  that  allow 
detection  of  human  and  mouse  tumors  with  a  high  degree  of  sensitivity  and 
specificity(15,16).  To  further  improve  the  sensitivity  and  clinical  utility  of  this  class  of 
carbocyanine  dyes  for  deep-tissue  detection  of  tumors,  we  modified  the  dye  by  conjugating 
it  with  a  positron-emitting  radionuclide  (see  below)  and  tested  its  feasibility  in  cultured 
human  PCa  cells  and  metastatic  prostate  tumors  in  mice. 

We  synthesized  a  PET/NIRF  probe  PC-1001  by  conjugating  MHI-148  with  a  DOTA 
chelator  and  subsequent  chelating  with  64Cu  for  independent  PET  and  fluorescence  imaging 
(Figure  1).  This  two-component  probe  is  the  first  example  of  novel  tumor-specific 
fluorescent  dye  with  both  targeting  and  detection  properties  in  one  component  and  a  second 
component  (64Cu-DOTA)  with  the  capability  to  perform  nuclear  imaging.  In  contrast  to  all 
other  multimodal  probes  reported  to  date,  the  tumor-targeting  component  is  separate  from 
the  detection  component  and  thus  needs  a  minimum  of  three  components.  The  NIRF 
imaging  modality  has  the  merits  of  simplicity,  convenience,  and  high  throughput.  The  NIRF 
property  of  the  probe  simplifies  the  early  stages  of  its  development  for  in  vitro  and  in  vivo 
optimization  of  parameters  and  its  validity  prior  to  final  live  animal  PET  imaging.  NIRF 
alone  has  inherent  shortcomings  such  as  its  low  resolution  and  non-quantitative  nature.  The 
sensitivity  and  resolution  of  NIRF  imaging  is  severely  influenced  by  position  and  depth  of 
the  imaging  probes  in  the  body.  The  positron  emitting  property  of  the  conjugated  probe  can 
overcome  the  shortcomings  of  NIRF  and  provide  high  sensitivity  and  deep-tissue  spatial 
resolution  for  initial  detection  of  primary  tumors  and  their  metastatic  lesions.  Tumor  size 
can  then  be  monitored  over  time  with  NIRF  imaging.  Our  recent  results  showed  successful 
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PC-1001/NIRF  image  of  a  mouse  with  a  metastatic  RANKL-overexpressing  LNCaP  tumor 
demonstrating  two  superficial  tumors  in  the  mouse  (55)  (Figure  2A),  while  the 
PC-1001/PET  image  of  the  same  mouse  revealed  an  extra  tumor  in  a  deep  location  (Figure 
2B). 

The  dual-modality  PC- 1001  molecular  imaging  probe  described  above  has  demonstrated  its 
applicability  for  tumor  detection  and  quantitative  image  analysis  in  a  metastatic  PCa  mouse 
model.  The  PC-1001  probe  is  accumulated  specifically  in  cancerous  tissue  with  good 
contrast  to  normal  tissue.  This  probe  could  be  useful  in  assisting  the  evaluation  of  anti¬ 
cancer  therapies,  anti-cancer  drug  discovery,  and  cancer-related  biological  studies.  Further 
biological  and  toxicological  evaluation  of  this  imaging  agent  is  ongoing,  with  the  aim  of 
advancing  into  clinical  trials.  Other  laboratories  have  also  designed  dual-modality  PCa 
imaging  probes.  In  a  recent  study,  Ghosh  et  al.  designed  a  multimodality  chelation  scaffold 
(MMC)  that  combined  a  radiometal  chelating  agent  (64Cu)  and  NIRF  dye  (a  IRDye  800CW 
derivative)  (56).  Using  MMC-immunoconj ugate  to  target  an  epithelial  cell  adhesion 
molecule  (EpCAM),  which  shows  elevated  expression  with  PCa  biochemical  recurrence  and 
correlation  with  Gleason  scores  (57,58),  multimodal  imaging  studies  indicated  higher  tumor 
accumulation  of  the  dual-labeled  conjugate  compared  to  either  single-labeled  agent  in  a 
PC-3  tumor-bearing  mouse  model.  Another  example  is  EphB4,  a  key  member  of  the  Eph 
receptors  overexpressed  in  numerous  tumor  types  including  PCa  (59-61),  which  has  been 
developed  as  a  promising  imaging  target.  Zhang  et  al.  reported  the  visualization  of  EphB4+ 
PC-3M  PCa  xenografts  with  an  EphB4-binding  peptide  (TNYL-RAW)-nanoparticle 
conjugate  dually  labeled  with  NIRF  fluorophores  (Cy7)  and  a  radioisotope  1 1  'in,  with  both 
NIRF  and  NIRN  imaging  (62).  The  high  accumulation  of  dually  labeled  peptide  in  PC-3M 
tumor  could  be  significantly  reduced  after  co-injection  with  an  excess  amount  of  unlabeled 
peptide,  suggesting  the  specificity  of  this  imaging  probe  for  recognizing  EphB4  receptor. 
These  reports  support  the  promise  of  dual  labeling  imaging  approaches  for  improved 
sensitivity  and  depth  of  imaging  compared  to  NIRF  imaging  alone. 

Novel  heptamethine  carbocyanine  drug  conjugates  for  targeting  castration-resistant  and 
bone  metastatic  prostate  cancer 

Because  CRPC  is  considered  as  the  most  advanced  and  lethal  form  of  PCa,  we  synthesized  a 
number  of  heptamethine  carbocyanine  drug  conjugates  to  target  metastatic  PCa  more 
efficiently.  The  basic  principle  of  these  studies  is  to  use  heptamethine  carbocyanine  dyes  as 
the  drug  carriers.  They  will  be  covalently  conjugated  to  drugs  through  a  linker  composed  of 
either  an  ester  or  a  peptide  bond.  Upon  uptake,  these  dye-drug  conjugates  accumulate 
exclusively  in  tumor  tissues.  Results  using  IR-783-docetaxel  conjugate  showed  metastatic 
PCa  tumor  shrinkage  in  mouse  tibia  (Figure  3).  While  mice  treated  with  this  dye-drug 
conjugate  showed  no  visible  toxicity  or  reduced  body  weights,  control  mice  treated  with 
docetaxel  alone  had  dramatically  reduced  body  weights  and  over  50%  mortality.  These 
encouraging  results  have  been  shown  to  be  repeatable  using  other  dye -drug  conjugates. 
Future  safety  studies  are  necessary  before  moving  this  concept  into  the  clinic. 
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Mechanisms  of  uptake  of  heptamethine  carbocyanine  dyes  by  prostate  cancer  cells 

We  have  studied  the  underlying  mechanisms  by  which  heptamethine  carbocyanine  dyes  are 
taken  up  specifically  into  cancer  but  not  normal  cells.  We  investigated  the  effects  of  tumor 
hypoxia,  a  common  condition  found  in  a  wide  range  of  cancer  cells  or  solid  tumors,  on  the 
uptake  of  heptamethine  cyanines  into  cancer  cells.  In  our  unpublished  studies  (Wu  and  Shao 
et  al.  2013),  unlike  ICG  that  has  a  relatively  low  value  of  tumor-to-background  ratio  at  1.4- 
1.7  (63),  measured  at  24  hours  after  the  administration  of  the  dye  into  tumor-bearing  mice, 
we  showed  that  this  ratio  increased  to  9.1  in  tumors  when  MHI-148  was  used,  which  was 
further  enhanced  by  2-fold  when  cells  were  maintained  under  hypoxic  conditions.  We  found 
that  a  superfamily  of  organic  anion  carrier  transporters,  named  organic  anion-transporting 
peptides  (OATPs),  plays  key  roles  accounting  for  the  differential  uptake  of  these  dyes  into 
cancer  but  not  normal  cells.  We  conducted  microarray  analyses  and  later  confirmed  by  qRT- 
PCR,  western  blots  and  immunohistochemistry  that  specific  isoforms  of  OATPs  might  be 
responsible  for  cancer-specific  dye  uptake.  Currently  there  are  1 1  known  human  OATPs 
classified  into  6  families  and  subfamilies  on  the  basis  of  their  amino  acid  sequence 
homologies,  which  facilitate  the  transport  of  a  large  number  of  substrates,  including  organic 
acids,  drugs  and  hormones  into  cells  in  a  highly  substrate-  and  pathophysiologic-dependent 
manner  (64).  The  dye  uptake  and  retention  in  cancer  cells  can  be  blocked  completely  by 
several  competitive  inhibitors  of  OATPs,  such  as  bromosulfophthalein  (16).  Increased 
expression  of  select  OATPs,  such  as  OATP1B3  and  OATP2B1,  by  either  aberrant  gene 
regulation  or  genetic  variation,  has  been  reported  in  clinical  PCa,  particularly  during 
progression  to  a  CRPC  state  (64—67).  Notably,  OATP1B3  also  serves  as  a  testosterone 
transporter  (68,69),  and  its  transporting  activity  may  be  further  exacerbated  by  low  levels  of 
testosterone  in  CRPC  (67,70,71).  In  addition,  we  and  another  group  dissected  a  direct 
regulatory  mechanism  of  OATP1B3  expression  by  hypoxia  through  HIFla  in  PCa  cells, 
which  provides  a  functional  link  among  different  mediators  that  enhance  dye  uptake. 

Specific  accumulation  of  dye  and  dye-drug  conjugates  in  cancer  cells  can  also  be  attributed 
to  the  high-affinity  binding  of  this  class  of  dyes  once  they  enter  into  cells  to  interact  with 
nucleic  acids  and  proteins,  which  warrants  further  investigation. 

Conclusions  and  future  perspectives 

We  demonstrated  the  specific  uptake  and  retention  of  a  novel  class  of  NIRF  imaging  agents, 
heptamethine  carbocyanine  dyes  that  can  be  used  for  imaging  solid  tumors  and  CTCs  freshly 
harvested  from  human  patients.  This  new  class  of  NIRF  imaging  agents  has  been 
successfully  tested  as  dual  NIRF  and  NIRN  agents  using  PET/SPECT  to  detect  PCa  bone 
and  soft  tissue  metastases  in  experimental  models.  By  further  conjugating  this  class  of 
NIRF/NIRN  agents  with  cancer  therapeutic  drugs,  we  found  that  they  can  serve  as  drug 
carriers  for  the  safe  delivery  of  chemotherapies  to  experimental  tumors.  We  found  also  that 
the  differential  uptake  of  this  class  of  negatively  charged  carbocyanine  dyes  into  cancer  but 
not  normal  cells  was  largely  due  to  the  presence  of  specific  isoforms  of  OATPs,  coupled 
with  specific  metabolisms  regulated  by  hypoxia  and  mitochondrial  membrane  potentials  and 
the  physical  chemical  reactions  of  this  class  of  dyes  when  in  close  contact  with  nucleic  acids 
and  proteins  in  cancer  cells.  While  promising  data  have  accumulated  thus  far,  crucial 
evaluation  of  the  PK,  PD  and  toxicity  of  the  dyes  and  dye-drug  conjugates  are  needed  before 
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this  group  of  novel  compounds  can  be  moved  into  the  clinic  for  improved  cancer  diagnosis, 
prognosis  and  treatment. 
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Figure  1. 

The  chemical  structure  of  a  PET/NIRF  probe,  PC-1001-64Cu 
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Figure  2. 

Dual-modality  NIRF/PET  imaging  of  prostate  tumors  in  a  mouse  model.  A  SCID  mouse 
was  intratibially  inoculated  with  RANKL-overexpressing  LNCaP  tumors  (arrows).  Twenty- 
four  hours  after  PC-1001-64Cu  (-17  MBq)  was  i.p  injected,  NIRF  and  PET  scans  were 
performed  with  a  Caliper  Spectrum  System  and  a  Focus- 120  microPET  scanner, 
respectively.  A.  NIRF  (ex/em  745/820  nm)  image  shows  two  superficial  tumor  spots;  B. 
Coronal  slice  of  PET  image  reveals  three  isolated  tumors.  Similar  results  were  obtained 
using  the  intracardiac  injection  of  cancer  cells  to  study  cancer  bone  and  soft  tissue 
metastases  in  which  more  tumors  were  detected  by  PET  than  bioluminescence  or  NIRF 
staining,  providing  further  evidence  that  PET  has  the  advantage  of  detecting  deep-seeded 
cancer  metastases 
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Control  mouse  Vehicle-  Dye-drug  conjugate 

tibia  and  femur  treated  treated 


Figure  3. 

IR-783-docetaxel  conjugate  reduced  prostate  tumor  growth  in  mouse  skeleton.  Nude  mice 
were  intratibially  inoculated  with  osteolytic  human  PC-3  tumors  followed  by  treatment  with 
IR-783-docetaxel  conjugate  (5  mg/kg).  A.  Tumor  growth  was  determined  by  measuring 
tumor  volume;  B.  Bone  lesions  assessed  by  X-ray,  showed  improvement  upon  IR-783- 
docetaxel  treatment.  Note  IR-783-docetaxel  treated  mouse  has  improved  bone  lesions  when 
compared  to  mouse  injected  with  vehicle 
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Tumors  from  patients  with  high-grade  aggressive  prostate  cancer  (PCa)  exhibit  increased  expression  of 
monoamine  oxidase  A  (MAOA),  a  mitochondrial  enzyme  that  degrades  monoamine  neurotransmitters  and 
dietary  amines.  Despite  the  association  between  MAOA  and  aggressive  PCa,  it  is  unclear  how  MAOA  pro¬ 
motes  PCa  progression.  Here,  we  found  that  MAOA  functions  to  induce  epithelial-to-mesenchymal  transition 
(EMT)  and  stabilize  the  transcription  factor  HIFla,  which  mediates  hypoxia  through  an  elevation  of  ROS, 
thus  enhancing  growth,  invasiveness,  and  metastasis  of  PCa  cells.  Knockdown  and  overexpression  of  MAOA 
in  human  PCa  cell  lines  indicated  that  MAOA  induces  EMT  through  activation  of  VEGF  and  its  coreceptor 
neuropilin-1.  MAOA- dependent  activation  of  neuropilin-1  promoted  AKT/FOXOl/TWISTl  signaling,  allow¬ 
ing  FOXOl  binding  at  the  TWIST1  promoter.  Importantly,  the  MAOA-dependent  HIFla/VEGF-A/FOXOl/ 
TWIST1  pathway  was  activated  in  high-grade  PCa  specimens,  and  knockdown  of  MAOA  reduced  or  even  elim¬ 
inated  prostate  tumor  growth  and  metastasis  in  PCa  xenograft  mouse  models.  Pharmacological  inhibition  of 
MAOA  activity  also  reduced  PCa  xenograft  growth  in  mice.  Moreover,  high  MAOA  expression  in  PCa  tissues 
correlated  with  worse  clinical  outcomes  in  PCa  patients.  These  findings  collectively  characterize  the  contribu¬ 
tion  of  MAOA  in  PCa  pathogenesis  and  suggest  that  MAOA  has  potential  as  a  therapeutic  target  in  PCa. 


Introduction 

Prostate  cancer  (PCa)  is  the  second  leading  cause  of  male  cancer 
death  in  the  Western  world  (1).  It  can  be  clinically  categorized 
into  different  risk  groups  primarily  based  on  histological  grade 
(Gleason  score),  clinical  TNM  stage,  and  levels  of  serum  prostate- 
specific  antigen  (2).  Aggressive,  poorly  differentiated  high-grade 
PCa  is  incurable  and  potentially  lethal,  underscoring  the  need  for 
a  greater  understanding  of  the  molecular  basis  of  PCa  progression 
and  improved  opportunities  to  eliminate  the  development  of  the 
lethal  phenotype  of  PCa. 

Monoamine  oxidase  A  (MAOA)  is  a  mitochondria-bound 
enzyme  that  catalyzes  the  degradation  of  monoamine  neuro¬ 
transmitters  and  dietary  amines  by  oxidative  deamination,  which 
produces  a  by-product,  hydrogen  peroxide,  a  major  source  of  ROS 
(3-5).  ROS  can  predispose  cancer  cells  to  DNA  damage  and  cause 
tumor  initiation  and  progression  (6).  In  the  last  several  decades, 
MAOA  has  been  widely  studied  in  the  context  of  neuropsychiat¬ 
ric  disorders,  such  as  aggressive  behaviors  and  mental  depression 
(3,  5).  Recently,  a  significant  correlation  was  established  between 
increased  levels  of  MAOA  expression  and  high  Gleason  grade 
or  poorly  differentiated  human  prostate  tumors  (7,  8).  MAOA 
is  exclusively  expressed  in  the  epithelial  cells  of  prostatic  glands 
with  relatively  low  levels  in  stromal  counterparts  (9).  These  obser¬ 
vations  collectively  suggest  that  MAOA  may  function  in  an  auto¬ 
crine  manner  to  regulate  the  proliferation  and  differentiation  of 
prostatic  epithelial  cells. 


Conflict  of  interest:  The  authors  have  declared  that  no  conflict  of  interest  exists. 
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Prostate  tumorigenesis  and  cancer  development  are  regulated 
by  several  oncogenic  cues  leading  to  dysregulated  growth  and 
increased  sternness  and  plasticity  by  which  cancer  cells  acquire 
increased  migratory,  invasive,  and  metastatic  potential  through 
epithelial-to-mesenchymal  transition  (EMT)  (10).  Evidence  also 
supports  the  ability  of  cancer  cells  to  adapt  a  HIFla  pathway  to 
resist  oxidative  stress,  which  cooperatively  promotes  an  increas¬ 
ingly  aggressive  phenotype  in  cancer  cells  (11,  12). 

In  this  study,  we  proposed  that  increased  MAOA  expression  in 
high-grade  PCa  may  be  an  important  contributor  to  its  dysreg¬ 
ulated  growth  and  dedifferentiation  of  the  glandular  epithelial 
phenotype.  We  demonstrated  the  ability  of  MAOA  to  induce 
mesenchymal  transition,  with  PCa  cells  gaining  increased  prolifer¬ 
ative,  invasive,  and  metastatic  potentials.  Moreover,  genetic  target¬ 
ing  of  MAOA  using  shRNA  effectively  inhibited  or  even  completely 
eliminated  prostate  tumorigenesis  and  cancer  metastasis  in  mouse 
xenograft  models.  We  showed  mechanistically  that  MAOA  poten¬ 
tiated  aggressive  PCa  behavior  by  converging  functional  interplay 
among  EMT,  hypoxia,  and  oxidative  stress.  Additionally,  evidence 
for  MAOA  functionality  in  PCa  also  extended  to  human  clinical 
PCa  specimens.  These  findings  establish  MAOA  as  a  viable  thera¬ 
peutic  target  in  PCa  and  provide  a  rationale  for  the  development 
of  MAOA-targeted  therapeutics. 

Results 

MAOA  suppresses  epithelial  phenotype  and  promotes  mesenchymal  tran¬ 
sition.  Although  MAOA  expression  has  been  previously  demon¬ 
strated  in  human  PCa  tissues  (7),  its  mode  of  action  and  potential 
to  drive  aggressive  PCa  phenotypes  such  as  increased  EMT-medi- 
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Figure  1 

MAOA  and  EMT  in  PCa.  (A)  Clinical  specimens  of  normal  prostatic  epithelium  and  Gleason  grade  3  and  5  PCa  were  stained  for  E-cadherin, 
vimentin,  and  MAOA.  Representative  images  from  a  tissue  microarray  are  shown.  Original  magnification,  x400;  scale  bars:  20  |xm.  (B)  PC-3 
cells  stably  overexpressing  an  empty  vector  or  MAOA  were  photographed  after  crystal  violet  staining  (left),  and  extracts  were  analyzed  for 
the  expression  of  MAOA  and  EMT  markers  by  immunoblotting  (middle)  and  qPCR  (right).  Original  magnification,  x40;  scale  bars:  200  ym. 
*P  <  0.05,  **P  <  0.01.  (C)  Stable  vector-  and  MAOA-overexpressing  PC-3  cells  were  transfected  with  either  an  E-cadherin  promoter  reporter 
construct  (E-cad-luc,  expressing  Firefly  luciferase)  or  a  promoterless  pGL2  vector  (expressing  Firefly  luciferase),  cotransfected  with  a  pRL-TK 
(expressing  Renilla  luciferase)  construct  as  an  internal  standard  for  normalization  of  transfection  efficiency.  Data  represent  the  mean  ±  SEM 
(n  =  3)  of  Firefly  luciferase  activity  normalized  to  Renilla  luciferase  activity.  The  E-cadherin  promoter  activity  in  vector-expressing  PC-3  cells  was 
set  as  100%.  **P  <  0.01.  (D)  Immunoblotting  (left)  and  qPCR  (right)  analysis  of  LNCaP  cells  that  express  a  /WAOA-targeting  shRNA  (shMAOA) 
or  a  scrambled  shRNA  (shCon)  for  the  expression  of  MAOA  and  EMT  markers.  *P  <  0.05,  **P  <  0.01.  (E  and  F)  Paired  PC-3  and  LNCaP  cells  as 
indicated  were  assayed  for  their  ability  to  either  migrate  (E)  or  invade  (F).  The  migration  or  invasion  of  respective  control  cells  was  set  as  100%. 
Data  represent  the  mean  ±  SEM  (n  =  3).  **P  <  0.01. 


ated  signaling  pathways  have  not  been  pursued.  Using  a  series  of 
clinical  specimens  as  the  gold  standards,  we  observed  consistently 
that  high-Gleason  grade  (grade  5)  PCa  is  distinguished  from  low- 
grade  (grade  3)  PCa  by  characteristic  morphological  features  such 
as  the  merger  of  neoplastic  glands  and  cytological  dedifferentiation 
(13).  High-Gleason  grade  tumors  also  expressed  diminished  levels 


of  E-cadherin  (an  epithelial  marker)  and  increased  expression  of 
vimentin  (a  mesenchymal  marker)  and  MAOA  in  the  same  clini¬ 
cal  specimens  (Figure  1A),  which  was  further  confirmed  in  a  tissue 
microarray  by  quantification  of  the  association  of  expression  levels 
of  these  genes  in  different  types  of  prostate  tissues  (Supplemen¬ 
tal  Figure  1,  A  and  B;  supplemental  material  available  online  with 
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Figure  2 

MAOA  regulates  HIFIa  stability.  (A)  Immunoblots  of  nuclear  extracts  from  PC-3  (vector  and  MAOA- 
overexpression)  cells  cultured  at  21%  02  for  FIIFIa.  (B  and  D)  Immunoblots  of  paired  PC-3  (B)  or 
LNCaP  (D)  cells  cultured  at  1%  02  for  the  indicated  time.  (C  and  E)  Fold  induction  of  FIIFIa  target 
genes  in  response  to  hypoxia  (1%  02,  24  hours)  measured  by  qPCR  in  PC-3  (vector  and  MAOA-over- 
expression)  (C)  or  LNCaP  (shCon  and  shMAOA)  (E)  cells.  Normoxic  gene  expression  in  control  PC-3 
(vector-expressing)  or  LNCaP  (shCon)  cells  was  used  as  a  control  for  normalization.  Data  represent  the 
mean  ±  SEM  (n  =  3).  *P  <  0.05,  **P  <  0.01. 


this  article;  doi:10.1172/JCI70982DSl).  These  results  suggest  that 
high-Gleason  grade  cancers  exhibit  EMT  characteristics  associated 
with  increased  MAOA  expression  and  aggressive  behaviors,  which 
led  us  to  hypothesize  that  MAOA  may  regulate  EMT  in  PCa. 

To  address  this  hypothesis,  we  used  human  PC-3  and  LNCaP 
PCa  cell  lines  as  models,  since  these  cell  lines  express  either  low 
(PC-3)  or  high  (LNCaP)  basal  levels  of  MAOA  (Supplemental 
Figure  2,  A-C).  Stably  enforced  expression  of  a  MAOA  expression 
construct  in  PC-3  cells  resulted  in  the  transition  to  a  dispersed 
morphology,  a  significant  loss  of  E-cadherin,  and  increased 
expression  of  vimentin,  N-cadherin,  and  TWIST1  at  both  protein 
and  mRNA  levels  (Figure  IB).  To  establish  that  MAOA  regulates 
E-cadherin  transcription,  we  assayed  the  activity  of  E-cadherin  pro- 
moter-luciferase  reporter  gene  in  PC-3  cells  that  stably  expressed 
either  an  empty  vector  or  a  MAOA  construct.  MAOA-overexpress- 
ing  cells  displayed  substantially  diminished  promoter  activ¬ 
ity  compared  with  control  cells  (Figure  1C).  By  contrast,  stable 
knockdown  of  MAOA  in  LNCaP  cells  with  a  MAOA-targeting 
shRNA  (shMAOA)  increased  the  expression  of  E-cadherin  and 
downregulated  vimentin  and  N-cadherin  at  both  protein  and 
mRNA  levels  compared  with  control  cells  given  a  scramble  shRNA 
(shCon)  (Figure  ID).  Moreover,  overexpression  of  MAOA  also  led 
to  a  significant  increase  in  migration  and  invasion  of  PC-3  cells,  a 
characteristic  function  of  EMT.  In  contrast,  knockdown  of  MAOA 
in  LNCaP  cells  reduced  the  ability  of  cells  to  migrate  or  invade 
(Figure  1,  E  and  F).  In  these  studies,  we  did  not  observe  signifi¬ 
cant  changes  in  either  cell  proliferation  or  cell  death  in  parallel  to 
the  analysis  of  cell  migration  and  invasion  in  these  cells  with  the 
manipulation  of  MAOA  expression.  Stable  knockdown  of  MAOA 
in  2  other  human  PCa  cell  lines,  C4-2  and  ARCaPM,  supported  the 
concept  that  MAOA  is  responsible  for  driving  EMT  in  PCa  cells,  in 
which  markedly  attenuated  mesenchymal  features  with  changes 
in  cell  morphology,  reduced  mesenchymal  marker  expression,  and 
reduced  cell  migratory  and  invasive  behaviors  were  observed  (Sup¬ 
plemental  Figure  3,  A-C). 


MAOA  stabilizes  EIIFla  via  ROS 
generation  and  PEID  destruction. 
Hypoxia,  a  common  condition 
found  in  a  wide  range  of  solid 
tumors  including  PCa,  is  often 
associated  with  poor  prognosis 
and  frequent  expression  of  an 
aggressive  phenotype  promoted 
by  EMT.  HIFIa,  a  master  media¬ 
tor  of  hypoxia,  mediates  hypoxic 
effects  by  activating  relevant 
downstream  target  genes  involved 
in  many  aspects  of  tumor  pro¬ 
gression,  such  as  increased  tumor 
glycolysis,  angiogenesis,  invasion, 
migration,  and  metastasis  (14). 
Since  increased  MAOA  expression 
promotes  EMT,  we  assessed  a  pos¬ 
sible  relationship  between  MAOA 
and  HIFIa. 

This  possibility  was  evaluated 
first  by  investigation  of  whether 
MAOA  directly  regulates  HIFIa 
stability  under  normoxic  condi¬ 
tions.  In  the  presence  of  physi¬ 
ological  levels  of  oxygen,  HIFIa  is  rapidly  degraded,  which  pre¬ 
vents  a  direct  measurement  in  whole-cell  lysates,  but  HIFIa  is 
detectable  from  isolated  nuclei  (15).  As  shown  in  Figure  2A,  nuclei 
isolated  from  MAOA-overexpressing  PC-3  cells  during  normoxia 
revealed  elevated  levels  of  HIFIa  relative  to  the  vector-express¬ 
ing  control  cells.  Likewise,  when  these  cells  were  cultured  under 
hypoxic  conditions  at  1%  02,  HIFIa  was  stabilized  earlier  and  to  a 
higher  degree  in  MAOA-overexpressing  cells  when  compared  with 
control  cells  in  whole-cell  lysates  (Figure  2B).  Consistently,  PC-3 
tumors  grown  as  subcutaneous  xenografts  from  MAOA-overex¬ 
pressing  cells  demonstrated  increased  staining  of  HIFIa  protein 
compared  with  control  tumors  by  immunohistochemical  (IHC) 
analysis  (Supplemental  Figure  4D).  Moreover,  select  HIFIa 
target  genes,  including  the  EMT-promoting  genes  SNAIL2  and 
TWIST1,  VEGFA,  and  glucose  transporter  1  ( GLUT1 ),  were  sig¬ 
nificantly  upregulated  in  MAOA-overexpressing  cells  compared 
with  control  cells  under  hypoxia.  Enforced  expression  of  MAOA 
and  hypoxia  further  showed  additive  effects  on  the  expression  of 
these  genes  (Figure  2C).  In  contrast,  stable  knockdown  of  MAOA 
reduced  HIFIa  stabilization  as  well  as  expression  of  its  target 
genes  ( SNAIL2 ,  TWIST1,  VEGF-A,  and  GLUT1)  in  hypoxia-treated 
LNCaP  cells,  indicating  that  MAOA  is  required  for  HIFIa  func¬ 
tion  (Figure  2,  D  and  E).  Notably,  the  HIFIA  mRNA  level  was  not 
affected  by  differential  MAOA  expression  (Figure  2,  C  and  E), 
suggesting  that  MAOA  may  regulate  HIFIa  stability  via  trans¬ 
lational  or  posttranslational  modifications.  We  assessed  further 
the  potential  involvement  of  HIFIa  in  MAOA-induced  EMT  and 
cell  behaviors  by  genetically  knocking  down  HIFIa  in  hypoxia- 
treated  MAOA-overexpressing  PC-3  cells.  We  found  that  HIFIa 
knockdown  attenuated  MAOA-induced  EMT  characteristics  by 
decreasing  mesenchymal  marker  expression  and  cell  migration, 
invasion,  and  proliferation  (Supplemental  Figure  5,  A-C).  These 
data  in  aggregate  suggest  that  MAOA  modulates  the  stabilization 
of  HIFIa  protein  and  the  induction  of  crucial  HIFIa  target  genes 
that  coordinate  EMT  and  cancer  progression. 
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Figure  3 

MAOA  regulates  HIFIa  stability  through  ROS.  (A)  Immunoblots  of  PC-3  (vector  and  MAOA-overexpression)  cells  treated  with  or  without 
MG132  (1  gM,  6  hours)  for  hydroxylated  HIFIa  (HIF1a-OH)  and  total  HIFIa.  (B)  Fold  induction  of  HIFIa  target  genes  in  PC-3  (vector  and 
MAOA-overexpression)  cells  treated  with  DMOG  (1  mM,  24  hours)  was  measured  by  qPCR,  and  the  ratio  (mean  ±  SEM,  n  =  3)  of  DMOG- 
treated  to  untreated  gene  expression  is  shown.  *P  <  0.05,  **P  <  0.01.  (C)  Immunoblots  of  PC-3  (vector  and  MAOA-overexpression)  cells  with 
hypoxia  for  PHD1-4.  (D)  The  increase  in  ROS  production  in  PC-3  (vector  and  MAOA-overexpression)  cells  with  hypoxia  was  calculated  as  the 
percentage  changes  (mean  ±  SEM,  n  =  3)  in  ROS  levels  in  hypoxic  cells  relative  to  normoxic  cells.  **P  <  0.01.  (E)  Immunoblots  of  PC-3  (vector 
and  MAOA-overexpression)  cells  incubated  with  10  mM  NAC  and  cultured  under  normoxia  and  hypoxia.  (F)  Immunoblots  of  PC-3  (vector  and 
MAOA-overexpression)  cells  cultured  at  21%  02  with  10  mM  NAC  or  1  mM  DMOG  as  indicated.  (G)  qPCR  analysis  of  VEGFA,  GLUT1 ,  and 
TWIST1  expression  (mean  ±  SEM,  n  =  3)  in  PC-3  (vector  and  MAOA-overexpression)  cells  incubated  with  10  mM  NAC  and  cultured  under 
hypoxia.  **P  <  0.01.  (H)  Growth  curves  of  PC-3  (vector  and  MAOA-overexpression)  cells  cultured  in  standard  media  supplemented  or  not  supple¬ 
mented  with  10  mM  NAC  under  either  normoxia  (left  panel)  or  hypoxia  (right  panel)  (mean  ±  SEM,  n  =  3).  *P  <  0.05,  **P  <  0.01.  (I)  A  schematic 
diagram  outlining  MAOA  stabilization  of  HIFIa  by  repression  of  PHD  activity  through  ROS  production. 


The  regulation  of  HIFIa  is  complex  and  has  not  been  fully  elu¬ 
cidated.  During  normoxia,  HIFIa  is  hydroxylated  at  2  proline 
residues  by  a  family  of  oxygen-dependent  prolyl  hydroxylases 
(PHD  1-4),  which  enables  the  tumor  suppressor  von  Hippel-Lindau 
(vHL)  to  bind  to  and  target  HIFIa  for  ubiquitination  and  protea- 


somal  degradation  (16).  Since  the  HIFIA  mRNA  level  remained 
unchanged  by  MAOA  expression  (Figure  2,  C  and  E),  we  tested 
whether  MAOA  exerted  a  posttranslational  effect  on  HIFIa  protein 
stability.  We  ruled  out  the  direct  interaction  between  these  2  pro¬ 
teins  because  of  their  distinct  cellular  localization.  MAOA  appears 
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Figure  4 

MAOA  promotes  VEGF-A/NRPI-mediated  activation  of  AKT/FOXOI  signaling.  (A)  qPCR  analysis  of  VEGFA  mRNA  expression  (mean  ±  SEM, 
n  =  3)  in  paired  PC-3  and  LNCaP  cells  as  indicated  (left).  VEGF-A  secretion  (mean  ±  SEM,  n  =  3)  in  culture  media  from  these  cells  was  quan¬ 
tified  by  ELISA  (right).  *P  <  0.05,  **P  <  0.01.  (B)  Immunoblots  of  PC-3  (vector  and  MAOA-overexpression)  cells  for  NRP1.  (C)  IHC  analysis  of 
PC-3  (vector  and  MAOA-overexpression)  tumor  xenografts  for  VEGF-A  and  NRP1  expression.  Representative  images  from  5  separate  samples 
are  shown.  Original  magnification,  x400;  scale  bars:  20  gm.  (D)  Immunoblots  of  paired  PC-3  and  LNCaP  cells  as  indicated  for  pAKT  (Ser473), 
pFOXOI  (Thr24),  total  AKT,  and  FOXOI.  (E)  Immunoblots  of  PC-3  (vector  and  MAOA-overexpression)  cells  that  express  A/RP7-targeting  shRNAs 
(shNRPI)  or  a  scrambled  shRNA  (shCon)  for  NRP1,  pAKT  (Ser473),  and  pFOXOI  (Thr24).  (F)  Immunoblots  of  nuclear  and  cytoplasmic  extracts 
from  different  groups  of  paired  PC-3  cells  as  indicated  for  FOXOI.  Lamin  B1  and  GAPDH  serve  as  nuclear  and  cytoplasmic  protein  markers, 
respectively.  (G)  Immunoblots  of  PC-3  (vector  and  MAOA-overexpression)  cells  treated  with  either  anti-VEGF-A  antibody  or  a  control  IgG 
(0.5  ug/ml,  24  hours)  for  pAKT  (Ser473)  and  pFOXOI  (Thr24).  (H)  PC-3  cells  as  established  in  E  were  assessed  for  their  ability  to  either  migrate 
(left)  or  invade  (right).  Data  represent  the  mean  ±  SEM  ( n  =  3).  *P  <  0.05,  **P  <  0.01.  (I)  Growth  curves  of  PC-3  cells  as  established  in  E.  Data 
represent  the  mean  ±  SEM  (n  =  3).  **P  <  0.01. 


in  the  outer  membrane  of  mitochondria  to  execute  enzymatic  reac¬ 
tions  (17)  (Supplemental  Figure  6,  A-C),  whereas  HIFla,  when 
activated,  functions  as  a  nuclear  transcription  factor  (18). 

To  test  the  hypothesis  that  MAOA  regulates  HIFla  stability  by 
directly  affecting  PHD  activity,  we  determined  PHD  activity  in  con¬ 
trol  and  MAOA-overexpressing  PC-3  cells  by  measuring  hydroxy- 
lated  HIFla  level,  and  these  cells  were  pretreated  with  the  pro- 
teasomal  inhibitor  MG132  to  prevent  hydroxylated  HIFla  from 
being  degraded.  More  HIFla  but  significantly  less  hydroxylated 
HIFla  was  accumulated  during  MG  132  treatment  in  MAOA-over- 
expressing  cells  (Figure  3A),  suggesting  lower  PHD  activity  in  the 
presence  of  MAOA.  The  hypothesis  that  MAOA  regulates  HIFla 
through  the  PHDs  was  further  validated  by  determination  of  the 


effect  of  treatment  with  dimethyloxalylglycine  (DMOG),  a  potent 
PHD  inhibitor,  on  HIFla  protein  stability  and  the  expression  of 
HIFla  target  genes  in  MAOA-overexpressing  cells.  If  MAOA  affects 
HIFla  stability  by  modulating  PHD  activity,  DMOG  treatment 
would  overcome  the  effects  of  MAOA  overexpression  and  produce 
equivalent  levels  of  HIFla  stabilization  in  control  and  MAOA-over¬ 
expressing  cells.  Indeed,  the  control  and  MAOA-overexpressing 
cells  demonstrated  equal  levels  of  HIFla  stabilized  in  response  to 
DMOG  treatment  (Figure  3F,  lane  3  vs.  lane  7).  Moreover,  DMOG 
treatment  relatively  reduced  the  induction  of  the  HIFla  target 
genes  VEGFA  and  GLUT1  in  MAOA-overexpressing  cells  compared 
with  the  control  cells  (Figure  3B).  These  data  support  a  model  in 
which  PHD  activity  is  already  reduced  in  MAOA-overexpressing 
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Figure  5 

MAOA  activates TWIST1  by  reducing  FOXOI  activity.  (A)  qPCR  analysis  of  TWIST1  mRNA  expression  (mean  ±  SEM,  n  =  3)  in  paired  PC-3  and 
LNCaP  ceils  (left).  A  human  TWIST 7  promoter  reporter  construct  was  transfected  into  these  cells,  and  the  luciferase  activity  (mean  ±  SEM,  n  =  3) 
was  assayed  (right).  (B)  Immunoblots  of  paired  PC-3  cells  forTWISTI.  AAA  FOXOI  and  shFOXOI  indicate  a  constitutively  active  form  of  FOXOI 
expression  construct  and  F0X07-targeting  shRNAs,  respectively.  (C)  qPCR  analysis  of  TWIST 1  mRNA  expression  (mean  ±  SEM,  n  -  3)  in  dif¬ 
ferent  pairs  of  PC-3  cells.  (D)  Determination  of  TWIST 1  promoter  activity  (mean  ±  SEM,  n  =  3)  in  different  groups  of  PC-3  cells  as  indicated.  AAA 
FOXOI  H215R  is  defective  in  DNA-binding  ability.  (E)Top  box:  The  canonical  sequence  of  the  FOXOI-binding  site  (top),  a  potential  FOXOI-bind- 
ing  site  in  the  TWIST 1  promoter  (middle),  and  introduced  point  mutations  (bottom,  italic  and  red)  used  to  inactivate  the  potential  FOXOI-binding 
site  are  shown.  Bottom  box:  Alignment  of  the  conserved  FOXOI-binding  site  (bold)  in  the  TWIST 7  promoter  across  different  species  is  shown,  with 
the  number  indicating  the  distance  from  transcription  initiation  sites.  (F  and  G)  Determination  of  WT  and  mutated  (Mut)  TWIST 7  promoter  activity 
(mean  ±  SEM,  n  =  3)  in  different  pairs  of  PC-3  cells.  (H)  ChIP  analysis  of  PC-3  (vector  and  MAOA-overexpression)  cells  immunoprecipitated 
by  anti-FOXOI  or  IgG  antibody  followed  by  qPCR  using  2  primer  sets  for  the  FOXOI-binding  site  in  the  TWIST 7  promoter  and  TWIST1  exon  1 , 
respectively.  Data  represent  the  percent  of  input  (mean  ±  SEM,  n  =  3).  *P  <  0.05,  **P  <  0.01. 


cells.  Consequently,  when  PHD  activity  is  potently  blocked  by 
DMOG,  MAOA-overexpressing  cells  have  a  smaller  change  in  PHD 
activity  and,  thus,  a  smaller  fold  induction  of  HIFla  target  genes. 
To  determine  which  isoforms  of  PHDs  are  involved  in  MAOA  reg¬ 
ulation  of  HIFla,  the  protein  expression  of  all  4  PHD  isoforms 
was  measured  in  hypoxia-treated  MAOA-overexpressing  PC-3  cells. 
Specifically,  PHD3  was  repressed  by  MAOA  overexpression  at  both 
protein  and  mRNA  levels,  whereas  the  expression  of  other  PHDs 
remained  unchanged  (Figure  3C  and  Supplemental  Figure  7 A). 
Moreover,  genetic  knockdown  of  PHD3  but  not  other  PHDs  via 
siRNA  recapitulated  DMOG  effects  on  HIFla  target  gene  expres¬ 
sion  in  MAOA-overexpressing  cells  compared  with  control  cells 


(Supplemental  Figure  7,  B  and  C).  Taken  together,  our  results  sug¬ 
gest  that  MAOA-overexpressing  PCa  cells  selectively  reduced  PHD3 
activity,  thus  enhancing  HIFla  stability  and  activity,  culminating 
in  increased  downstream  target  gene  expression. 

In  addition  to  intracellular  oxygen  concentration,  PHD  activity 
can  also  be  regulated  by  several  intracellular  signals,  including  ROS, 
which  have  been  shown  to  inhibit  the  PHDs  and  stabilize  HIFla 
(15, 16).  Moreover,  hypoxia  enhances  ROS  production,  a  seemingly 
required  step  for  the  hypoxic  activation  of  HIFla  (19).  Because 
MAOA-mediated  enzymatic  reactions  produce  hydrogen  perox¬ 
ide,  which  is  responsible  for  the  generation  of  ROS  as  a  by-product 
(3),  we  hypothesized  that  increased  ROS  in  MAOA-overexpressing 
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cells  contribute  to  PHD  inhibition  and  consequent  HIFla  stabili¬ 
zation  in  PCa  cells.  As  expected,  MAOA  overexpression  increased 
the  generation  of  both  mitochondrial  hydrogen  peroxide  and 
ROS  in  PC-3  cells,  while  these  were  reduced  in  MAOA-knockdown 
LNCaP  cells  (Supplemental  Figure  8,  A-D).  We  found  further  that 
hypoxia  triggered  a  significantly  higher  increase  in  ROS  produc¬ 
tion  in  MAOA-overexpressing  cells  than  control  cells  (Figure  3D), 
providing  a  mechanistic  explanation  for  why  MAOA-overexpress¬ 
ing  cells  have  exaggerated  responses  to  hypoxia.  We  next  treated 
cells  with  the  antioxidant  N-acetylcysteine  (NAC)  to  suppress 
ROS  and  hence  block  the  downstream  effects  of  MAOA  mediated 
potentially  by  intracellular  ROS.  Indeed,  the  higher  HIFla  level 
in  hypoxia-treated  MAOA-overexpressing  cells  could  be  signifi¬ 
cantly  attenuated  by  NAC  treatment  (Figure  3E,  lane  8  vs.  lane  7). 
Moreover,  when  PHD  activity  was  blocked  by  DMOG  treatment, 
control  and  MAOA-overexpressing  cells  both  demonstrated 
comparable  HIFla  level,  and  NAC  failed  to  destabilize  HIFla 
(Figure  3F).  Consistent  with  decreased  HIFla  expression  in  NAC- 
treated  MAOA-overexpressing  cells,  the  expression  of  the  HIFla 
target  genes  VEGFA ,  GLUT1,  and  TW1ST1  was  reduced  to  control 
levels  in  NAC-treated  MAOA-overexpressing  cells  (Figure  3G).  Fur¬ 
thermore,  NAC  treatment  of  cells  reversed  MAOA-induced  EMT 
characteristics  by  decreasing  mesenchymal  marker  expression  and 
cell  migratory  and  invasive  behaviors  (Supplemental  Figure  5,  D 
and  E).  To  test  whether  increased  ROS  contribute  to  the  prolifer¬ 
ation  of  MAOA-overexpressing  cells,  we  determined  the  growth 
profiles  in  cells  cultured  with  NAC.  Strikingly,  we  observed  that 
NAC  blunted  the  enhanced  proliferation  in  MAOA-overexpress¬ 
ing  cells  under  both  normoxic  and  hypoxic  conditions,  restoring 
their  growth  rates  to  that  of  the  control  cells  (Figure  3H).  Together, 
MAOA  regulation  of  ROS  augmented  hypoxic  responses  by  increas¬ 
ing  the  steady-state  HIFla  level  and  its  target  gene  expression, 
including  VEGFA,  GLUT1,  and  TW1ST1,  which  converge  the  cell 
signaling  network  toward  a  mesenchymal  transition  and  enhanced 
cell  proliferation  in  MAOA-overexpressing  cells  (Figure  31). 

MAOA  activates  VEGF-A/neuropilin-1  signaling  and  its  downstream 
AKT/FOXOl  pathway.  Given  that  hypoxia  reportedly  can  affect 
cell  behavior  by  promoting  EMT,  we  hypothesized  that  the  HIFla 
target  gene  VEGFA  in  conjugation  with  its  receptor(s)  may  play 
a  crucial  mediating  role  in  controlling  the  downstream  signaling 
for  the  MAOA-induced  EMT  and  associated  increased  aggres¬ 
sive  phenotype  in  PCa  cells.  VEGF  has  been  implicated  in  poor 
prognosis  and  survival  in  PCa  patients,  and  an  elevated  level  of 
VEGF  could  be  the  trigger  for  an  angiogenic  switch  in  the  lethal 
progression  of  advanced  PCa  (20).  VEGFA  expression  was  assessed 
in  control/MAOA-overexpressing  PC-3  or  control/MAOA-knock- 
down  LNCaP  cells  by  quantitative  PCR  (qPCR),  and  there  was  a 
positive  correlation  between  VEGFA  and  MAOA  expression  (Fig¬ 
ure  4A,  left).  We  further  quantified  VEGF-A  expression  in  the 
culture  media  of  MAOA-manipulated  PCa  cells  by  ELISA  and 
confirmed  that  MAOA  upregulated  expression  of  VEGF-A  and  its 
extracellular  secretion  (Figure  4A,  right).  By  contrast,  we  did  not 
observe  any  VEGF  effect  on  MAOA  gene  expression  (Supplemen¬ 
tal  Figure  9,  A-C).  Autocrine  VEGF  signaling  in  tumor  cells  can 
occur  through  a  nonangiogenic  cell  proliferative  mechanism  via 
increased  autocrine  VEGF-A  and  interaction  with  its  coreceptor 
neuropilin-1  (NRP1),  and  such  interaction  has  been  implicated  in 
cancer  cell  autonomy  and  aggressive  behaviors  (21).  We  showed 
that  overexpression  of  MAOA  significantly  increased  NRP1  expres¬ 
sion  in  PC-3  cells  (Figure  4B),  which  was  further  demonstrated 


in  parallel  in  MAOA-overexpressing  PC-3  xenograft  tumors  with 
concurrently  increased  VEGF-A  expression  (Figure  4C). 

To  elucidate  the  mechanism(s)  by  which  MAOA  activation  of 
VEGF-A  and  NRP1  mediates  downstream  signaling  to  promote 
EMT,  select  kinases  that  are  implicated  in  PCa  progression  were 
examined  in  PCa  cells  previously  subjected  to  MAOA  manipula¬ 
tion.  As  shown  in  Figure  4D  (left  panel),  there  was  a  significant 
increase  in  the  relative  phosphorylation  of  both  AKT  and  its 
downstream  target  FOXOl  by  MAOA  overexpression.  AKT  plays 
a  central  role  by  activating  its  many  downstream  target  genes  in 
regulating  PCa  initiation  and  progression  (22).  FOXOl,  a  member 
of  the  O  subclass  of  the  forkhead  family  of  transcription  factors, 
can  be  regulated  via  the  phosphorylation  of  AKT  upon  PI3K/AKT 
signaling  activation,  and  has  demonstrated  proapoptotic  function 
in  a  variety  of  cancers  (23).  We  further  showed  that  AKT/FOXOl 
signaling  was  conversely  attenuated  in  MAOA-knockdown  LNCaP 
cells  (Figure  4D,  right  panel).  These  results  suggest  that  the  AKT/ 
FOXOl  signaling  pathway  is  downstream  of  MAOA. 

Given  that  NRP1  can  regulate  AKT  activity  (24),  which  was  repro¬ 
duced  in  NRPl-overexpressing  PC-3  cells  with  concurrent  induc¬ 
tion  of  EMT  and  cell  proliferation  (Supplemental  Figure  10,  A-D), 
we  examined  autocrine  VEGF/NRPl-mediated  signaling  and  eval¬ 
uated  the  relationship  between  MAOA  and  AKT/FOXOl  signal¬ 
ing  in  PC-3  cells  with  stable  knockdown  of  NRP1  using  a  lentiviral 
shRNA-mediated  approach.  As  shown  in  Figure  4E,  NRP1  knock¬ 
down  significantly  reduced  both  the  basal  and  MAOA-induced 
phosphorylation  of  AKT  and  FOXOl  in  PC-3  cells.  Moreover,  we 
demonstrated  that  MAOA  facilitated  the  nuclear  export  of  FOXOl 
by  altering  the  ratios  of  FOXO 1  toward  enhanced  levels  in  the  cyto¬ 
plasmic  fraction  (Figure  4F,  left  panel),  and  this  was  confirmed 
by  the  IHC  staining  pattern  of  FOXOl  and  phospho-FOXOl  in 
control  and  MAOA-overexpressing  PC-3  tumor  xenograft  samples 
(Supplemental  Figure  4E).  Conversely,  genetic  silencing  of  NRP1 
increased  nuclear  but  decreased  cytoplasmic  FOXOl  expression 
(Figure  4F,  right  panel).  To  determine  whether  VEGF-A  acts  as 
the  major  ligand  to  mediate  NRP1  effect  in  the  MAOA  context,  we 
treated  control  and  MAOA-overexpressing  PC-3  cells  with  anti- 
VEGF-A  antibody.  This  targeted  blockade  of  receptor  binding  of 
secreted  VEGF-A  attenuated  the  MAOA-induced  phosphorylation 
of  both  AKT  and  FOXOl  toward  that  of  the  control  cells  (Fig¬ 
ure  4G).  Unlike  VEGF-A,  we  found  that  another  potential  NRP1 
receptor  ligand,  semaphorin  3A  (SEMA3A),  was  not  elevated  in 
MAOA-overexpressing  PC-3  cells  (Supplemental  Figure  1 1),  fur¬ 
ther  confirming  the  mediating  role  of  VEGF-A  in  controlling  the 
MAOA/NRP1  axis.  By  examining  the  functional  roles  of  NRP1 
in  determining  cell  behavior,  we  showed  that  NRP1  knockdown 
resulted  in  a  significant  decrease  of  MAOA-induced  migration  and 
invasion  in  PC-3  cells  (Figure  4H).  Likewise,  NRP1  knockdown  also 
dramatically  reduced  the  cell  proliferation  rate  in  MAOA-overex¬ 
pressing  cells  to  a  level  lower  than  that  of  the  control  (Figure  41). 
Taken  together,  these  functional  characteristics  indicate  that  the 
VEGF-A/NRP1  system  mediates  MAOA-induced  EMT  and  cell  pro¬ 
liferation  via  the  downstream  AKT/FOXO 1  signaling. 

TW1ST1  expression  is  directly  regulated  by  transcription  factor  FOXO  1 . 
We  screened  a  spectrum  of  key  transcription  factors  known  to  pro¬ 
mote  EMT  in  our  present  model  system,  and  identified  TWIST  1  as 
1  of  the  downstream  targets  of  MAOA  (Figure  IB).  TWIST1,  a  basic 
helix-loop-helix  transcription  factor,  is  a  master  regulator  of  EMT, 
and  its  expression  in  tumors  often  correlates  with  aggressive  dis¬ 
ease  and  poor  outcome  (25, 26).  We  showed  that  genetic  silencing  of 
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Figure  6 

MAOA  is  essential  for  the  growth  of  prostate  tumor  xenografts  by  regulating  EMT,  hypoxia,  and  ROS.  (A)  LNCaP,  C4-2,  ARCaPM,  or  MPC3  cells 
that  stably  express  a  MAOA-targeting  shRNA  (shMAOA)  or  a  scrambled  shRNA  (shCon)  were  injected  s.c.  into  male  nude  mice  (n  =  4-7  mice 
for  each  group;  details  are  given  in  Supplemental  Table  1 )  for  the  growth  of  tumor  xenografts.  Tumor  growth  was  determined  by  measurement  of 
tumor  volume,  tumor  weight,  and  the  frequency  of  tumor  formation.  The  graphs  show  the  mean  (±  SEM)  tumor  size  and  tumor-free  percentages 
at  the  indicated  times.  *P  <  0.05,  **P  <  0.01.  (B)  H&E  and  IHC  analysis  of  Ki-67,  MAOA,  E-cadherin,  vimentin,  HIFIa,  and  VEGF-A  expressions 
in  LNCaP  (shCon  and  shMAOA)  tumor  xenografts.  Representative  images  from  5  separate  samples  are  shown.  Original  magnification,  x400; 
scale  bars:  20  pm.  (C)  Quantification  of  percentage  of  Ki-67+  tumor  cells  in  paired  LNCaP  and  C4-2  tumor  xenografts  from  5  distinct  images  of 
each  tumor  sample  (n  =  5  tumor  samples  for  each  group).  Data  represent  the  mean  ±  SEM.  *P  <  0.05,  **P  <  0.01.  (D)  Determination  of  MAOA 
enzymatic  activity  in  paired  LNCaP  and  C4-2  tumor  xenografts.  Data  represent  the  mean  ±  SEM  from  all  tumors  obtained  at  mouse  necropsy 
(n  =  5-12  tumors  for  each  group;  details  are  given  in  Supplemental  Table  1).  **P  <  0.01.  (E)  Determination  of  H202  generation  rate  in  intact  mito¬ 
chondria  isolated  from  paired  LNCaP  and  C4-2  tumor  xenografts  (n  -  3  tumor  samples  for  each  group)  by  Amplex  Red  hydrogen  peroxide  assay. 
Data  represent  the  mean  ±  SEM.  *P  <  0.05. 
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Figure  7 

Clorgyline  inhibits  the  growth  of  PCa  cells  and  tumor  xenografts.  (A)  Growth  curves  of  LNCaP  cells  treated  with  either  clorgyline  (1  uM,  Clg)  or 
vehicle  (PBS,  Con)  for  5  days  (mean  ±  SEM,  n  =  3).  *P  <  0.05,  **P  <  0.01.  (B)  LNCaP  cells  treated  with  either  clorgyline  (1  yM)  or  vehicle  were 
assessed  for  their  ability  to  either  migrate  (left)  or  invade  (right)  (mean  ±  SEM,  n  =  3).  **P  <  0.01.  (C)  Determination  of  ROS  levels  in  LNCaP 
cells  treated  with  clorgyline  (1  uM,  48  hours)  or  vehicle  (mean  ±  SEM,  n  =  3).  **P  <  0.01.  (D)  Determination  of  the  growth  of  C4-2  subcutaneous 
tumor  xenografts  in  mice  (n  =  5  mice  for  each  group)  treated  with  clorgyline  (10  mg/kg,  i.p.)  or  saline  on  a  daily  basis  for  21  days.  The  graph 
shows  the  mean  (±  SEM)  tumor  size  at  the  indicated  time.  *P  <  0.05,  **P  <  0.01.  (E)  Determination  of  tumor  weight  at  mouse  necropsy.  *P  <  0.05. 
(F)  Determination  of  MAOA  enzymatic  activity  (mean  ±  SEM)  in  clorgyline-  or  vehicle-treated  tumor  xenografts  (n  =  5  tumor  samples  for  each 
group).  *P  <  0.05.  (G)  Quantification  of  percent  of  Ki-67+  (mean  ±  SEM)  tumor  cells  in  clorgyline-  or  vehicle-treated  tumor  xenografts  from  5  dis¬ 
tinct  images  of  each  tumor  sample  (n  =  5  tumor  samples  for  each  group)  (right).  Representative  IHC  images  are  shown  (left).  **P  <  0.01.  Original 
magnification,  x400;  scale  bars:  20  urn.  (H)  qPCR  analysis  of  clorgyline-  or  vehicle-treated  tumor  xenografts  (n  =  5  tumor  samples  for  each  group) 
for  the  expression  of  EMT  marker  and  HI  FI  a  target  genes.  Data  represent  the  mean  ±  SEM.  *P  <  0.05. 


TWIST1  reversed  MAOA-induced  EMT  by  decreasing  mesenchymal 
marker  expression  and  cell  migratory,  invasive,  and  proliferative 
behavior  (Supplemental  Figure  12,  A-C),  which  suggests  that 
TWIST1  is  functional  for  the  induction  of  EMT  by  MAOA.  To  assess 
the  potential  regulation  of  TWIST  1  by  MAOA,  we  determined  both 
TW1ST1  mRNA  and  its  promoter  activity  in  PCa  cells  with  manip¬ 
ulated  MAOA  expression.  Overexpression  of  MAOA  increased 
TW1ST1  mRNA  and  promoter  activity  in  PC-3  cells,  whereas  these 
TWTSTl-related  activities  were  reduced  upon  MAOA  knockdown 
in  LNCaP  cells  (Figure  5A),  suggesting  that  MAOA  may  regulate 
TWIST  1  expression  at  the  transcriptional  level. 

AKT  drives  EMT  and  cancer  progression  by  regulating  many 
downstream  target  genes,  including  TWIST1  (27,  28),  but  the  spe¬ 
cific  AKT-responsive  signaling  pathways  that  regulate  TWIST  1 
remain  to  be  clarified.  The  transcription  factor  forkhead  box 
(FOX)  proteins  capable  of  being  phosphorylated  by  AKT  play  a 
dominant  role  in  cancer  progression  (23).  Moreover,  FOX  proteins 
have  been  demonstrated  to  mediate  EMT  by  regulating  EMT- 
inducing  factors  (29),  which  led  us  to  speculate  that  FOXOl  may 
regulate  TWIST1  in  PCa  cells.  We  established  PC-3  cells  that  sta¬ 
bly  overexpressed  a  constitutively  active  FOXOl  expression  con¬ 
struct  (AAA  FOXOl)  with  3  mutated  phosphorylation  sites  (T24A, 
S256A,  and  S319A).  AAA  FOXOl  is  sequestered  in  the  nucleus 
without  degradation  (30).  Enforced  expression  of  AAA  FOXOl 
significantly  reduced  TWIST1  protein  expression,  whereas  sta¬ 


ble  shRNA-mediated  silencing  of  FOXOl  increased  TWIST1 
levels  in  PC-3  cells  (Figure  5B),  suggesting  a  negative  regulatory 
link  between  these  2  proteins.  We  also  assessed  whether  FOXOl 
directly  participates  in  EMT  induced  by  MAOA.  We  showed  that 
stable  knockdown  of  FOXOl  in  MAOA-overexpressing  cells  fur¬ 
ther  enhanced  EMT  characteristics  by  increasing  mesenchymal 
marker  expression  and  corresponding  cell  behavior  including 
migration,  invasion,  and  proliferation  (Supplemental  Figure  12, 
D-F),  which  provides  a  functional  basis  underlying  the  FOXOl 
repression  ofTWISTl. 

Considering  the  innate  feature  of  FOXOl  as  a  transcription  fac¬ 
tor,  we  next  determined  whether  FOXOl  transcriptionally  regu¬ 
lates  TWIST1  expression,  and  we  showed  a  reproducible  negative 
regulation  ofTWISTl  mRNA  by  FOXOl  in  PC-3  cells  (Figure  5C). 
To  explore  the  possible  direct  influence  of  FOXOl  on  the  pro¬ 
moter  of  the  TWIST1  gene,  a  1-kb  DNA  segment  located  upstream 
of  the  transcription  initiation  site  of  TW1ST1  was  introduced  as  a 
luciferase  reporter  construct  into  PC-3  cells  (31).  Since  FOXOl  can 
affect  the  transcription  of  target  genes  either  through  direct  bind¬ 
ing  to  their  consensus  DNA  sequences  in  the  promoter  or  via  indi¬ 
rect  protein-protein  interactions  with  other  transcription  factors 
or  cofactors  (32),  we  distinguished  these  2  alternative  mechanisms 
by  using  a  FOXOl  mutant  (AAA  FOXOl  H215R)  that  is  deficient 
in  DNA  binding  (30).  In  contrast  to  its  WT  counterpart,  which 
strongly  repressed  TWIST1  promoter  activity,  the  FOXOl  mutant 
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Figure  8 

MAOA  is  essential  for  PCa  metastasis.  (A)  Kaplan-Meier  curves  of  metastasis  development  of  control  (shCon)  and  MAOA-knockdown  (shMAOA) 
ARCaPM  cells  ( n  =  10  mice  for  each  group).  (B)  Normalized  BLI  curves  of  metastasis  development  for  each  experimental  group.  Data  represent 
the  mean  ±  SEM  (n  =  10).  *P  <  0.05,  **P  <  0.01.  (C)  Representative  BLI  (week  10)  images  of  2  of  10  mice  in  each  group  from  B. 


failed  to  do  so  (Figure  5D,  left  panel).  Hence,  the  FOXOl  action  on 
the  TWIST1  promoter  appeared  to  require  the  intact  DNA-bind- 
ing  activity  of  FOXOl.  This  regulation  is  further  supported  by  the 
observation  that  genetic  silencing  of  FOXOl  increased  TWIST1 
promoter  activity  in  PC-3  cells  (Figure  5D,  right  panel). 

It  remained  unclear  whether  the  observed  repression  is  mediated 
by  direct  binding  of  FOXO 1  to  the  TW1ST1  promoter.  To  address 
this  issue,  we  attempted  to  identify  a  FOXO  1-response  element 
in  the  TWIST1  promoter.  Serial  deletion  of  the  TWIST1  promoter 
combined  with  sequence  analysis  revealed  a  region  within  the 
TWIST1  promoter  (-56/-50)  that  exhibits  strong  sequence  sim¬ 
ilarity  to  the  canonical  AT-rich  FOXOl-binding  site  (Figure  5E, 
top  panel)  (33,  34).  To  test  whether  the  potential  direct  regula¬ 
tion  ofTWISTl  by  FOXOl  is  conserved  throughout  evolution,  we 
searched  for  the  consensus  FOXOl-binding  site  and  its  surround¬ 
ing  sequences  in  the  human  TWIST1  promoter  across  species. 
Interestingly,  we  found  that  this  element  (CCAAACT)  is  highly 
conserved  among  amniotic  genomes  examined,  including  chim¬ 
panzees,  mice,  rats,  and  cows  (Figure  5E,  bottom  panel).  Accord- 
ingly,  we  generated  a  mutant  TWIST1  promoter  reporter  construct 
harboring  3  point  mutations  in  the  center  of  the  putative  FOXOl- 
response  element.  The  resulting  mutated  TWIST1  promoter  was 
no  longer  repressed  by  ectopic  expression  of  FOXOl  in  PC-3  cells 
(Figure  5F).  This  TWIST1  promoter  reporter  mutant  construct  was 
further  introduced  into  MAOA-overexpressing  PC-3  cells,  and  in 
contrast  to  its  WT  counterpart,  the  mutant  did  not  respond  to 
MAOA  overexpression  (Figure  5G).  To  confirm  the  direct  occu¬ 
pancy  of  FOXOl  with  the  sequences  in  the  TWIST1  promoter 
in  vivo,  we  extended  these  studies  by  performing  ChIP  analysis. 
We  isolated  chromatin-nuclear  protein  complexes  immuno- 
precipitated  with  anti-FOXOl  antibody  from  both  control  and 
MAOA-overexpressing  PC-3  cells,  and  analyzed  it  by  qPCR  using 
primers  that  specifically  encompass  the  putative  FOXOl-response 
element  in  the  TWIST1  promoter.  We  were  able  to  detect  the  phys¬ 
ical  association  of  FOXOl  with  the  TWIST1  promoter  sequences, 
and  such  association  was  reduced  in  the  presence  of  MAOA  over¬ 
expression  (Figure  5H),  which  is  consistent  with  the  observation 
of  less  nuclear  FOXOl  expression  in  MAOA-overexpressing  PC-3 
cells  (Figure  4F,  left  panel).  Moreover,  limited  signals  were  detected 
from  the  negative  controls,  in  which  either  nonspecific  IgG  anti¬ 
body  was  used  in  the  immunoprecipitation  step  or  the  TWIST1 
exon  1  was  probed  in  order  to  confirm  the  targeting  specificity 
of  the  primer  set  used  in  PCR.  These  results  in  sum  provide  evi¬ 
dence  that  MAOA  negatively  mediates  TWIST1  gene  activation 
via  direct  interaction  of  FOXOl  with  a  specific  element  located 


in  the  TWIST1  promoter.  In  the  case  of  MAOA  overexpression  in 
PCa  cells,  increased  TWIST1  gene  activation  that  drives  EMT  was 
the  result  of  sequestration  of  FOXOl  from  nucleus  to  cytoplasm, 
reducing  the  overall  suppression  of  TWIST1  gene  expression. 

MAOA  function  in  prostate  tumorigenesis  and  cancer  metastasis.  The 
MAOA  effects  on  promotion  of  EMT,  hypoxia,  and  ROS  pro¬ 
duction  described  above  shed  light  on  how  MAOA  supports  PCa 
growth  and  development.  To  test  this  hypothesis,  we  established 
multiple  prostate  tumor  xenograft  mouse  models  to  determine 
the  functional  roles  of  MAOA  in  controlling  tumor  growth  (Sup¬ 
plemental  Table  1).  We  used  3  human  PCa  cell  lines  that  show 
different  MAOA  expression  levels,  aggressiveness,  and  invasive¬ 
ness  as  well  as  other  innate  features  such  as  responses  to  andro¬ 
gen  (35,  36).  Considering  the  importance  of  the  immune  system 
in  PCa  growth  and  progression,  we  also  extended  our  analysis  by 
using  a  highly  tumorigenic  mouse  prostate  carcinoma  MPC3  cell 
line  in  an  immunocompetent  mouse  model.  The  MPC3  line  was 
derived  from  mouse  primary  prostate  tumors  harboring  double 
loss  of  Pten  and  p53  tumor  suppressors.  To  assess  MAOA  func¬ 
tion  in  these  tumor  xenograft  models,  we  first  infected  these  cells 
with  a  lentiviral  construct  expressing  an  shRNA  directed  against 
the  mRNA  encoding  MAOA,  or  a  control  that  targets  no  known 
mammalian  genes.  Stable  introduction  of MAOA-specific  shRNAs 
decreased  MAOA  enzymatic  activity  by  more  than  50%-70%  in 
all  cell  lines  (Supplemental  Figure  13A).  In  line  with  the  obser¬ 
vation  that  enforced  MAOA  expression  significantly  induced 
PC-3  cell  proliferation  (Supplemental  Figure  4A),  cells  expressing 
MAOA-targeting  shRNAs  had  consistently  reduced  cell  prolifer¬ 
ation  rates  in  comparison  with  control  cells  (Supplemental  Fig¬ 
ure  13B).  In  these  studies,  we  observed  no  significant  apoptotic 
changes  in  either  MAOA-overexpressing  PC-3  or  MAOA-knock- 
down  LNCaP  cells  compared  with  their  respective  control  cells 
(Supplemental  Figure  14,  A  and  B).  These  complementary  results 
suggest  that  MAOA  affects  PCa  cell  growth  mainly  through  its 
proliferation-enhancing  functions. 

After  being  implanted  s.c.  into  male  nude  mice,  LNCaP  and 
its  lineage-derived  androgen-independent  C4-2  cells  expressing 
MAOA-targeting  shRNAs  showed  slower  tumor  growth  rates 
and  formed  fewer  tumors  than  controls.  Cells  stably  expressing 
MAOA-targeting  shRNA  that  did  form  tumors  formed  tumors  that 
were  quite  small,  with  an  average  tumor  weight  of  221  ±  36  mg  and 
132  ±  81  mg  for  LNCaP  and  C4-2  tumors,  respectively,  compared 
with  larger  tumors,  with  an  average  weight  of  653  ±  232  mg  and 
888  ±  632  mg  for  LNCaP  and  C4-2  control  tumors,  respectively 
(Figure  6A).  Strikingly,  stable  knockdown  of  MAOA  in  ARCaPM, 
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Figure  9 

The  H I F 1  a/V EG  F- A/FOX0 1  /T W I  ST  1 
pathway  is  manifested  in  high-Glea- 
son  grade  PCa.  (A)  Sixty  specimens 
of  human  PCa  including  30  Gleason 
grade  3  tumors  and  30  Gleason  grade  5 
tumors  were  immunostained  for  MAOA, 
HIFItx,  VEGF-A,  FOXOI ,  pFOXOI ,  and 
TWIST1.  Original  magnification,  x400; 
scale  bars:  20  pm.  (B)  Semiquantitative 
analysis  of  IHC  staining  was  performed 
for  all  specimens  to  assess  both  the 
percentage  of  cells  stained  and  the 
intensity  of  each  staining.  This  analysis 
is  reported  as  the  quotient  (Q)  of  these 
2  parameters  (mean  ±  SEM).  Details  are 
given  in  Supplemental  Methods.  Images 
representative  of  the  mean  Q  for  each 
IHC  staining  are  shown.  **P  <  0.01. 


an  aggressive  human  PCa  cell  line,  and  MPC3  cells  completely 
eliminated  their  in  vivo  growth,  in  sharp  contrast  to  the  expected 
explosive  tumor  growth  in  mice  inoculated  with  the  control  cells. 

As  a  comparison,  we  next  analyzed  the  protein  expression  pat¬ 
terns  of  select  markers  in  tumor  specimens  from  LNCaP  and  C4-2 
xenograft  tumors  by  IHC.  Ki-67  staining  of  tumor  specimens 
revealed  a  40%-70%  decrease  of  Ki-67+  cells  in  the  MAOA-knock- 
down  group  of  both  LNCaP  and  C4-2  tumors  (Figure  6,  B  and  C). 
MAOA  protein  staining  also  showed  decreased  intensity  in  MAOA- 
knockdown  tumor  samples  for  both  lines  (Figure  6B),  which  is 
consistent  with  the  results  of  reduced  MAOA  enzymatic  activity 
in  harvested  tumors  expressing  MAOA- targeting  shRNAs  (Figure 
6D),  supporting  the  concept  that  genetically  silencing  MAOA  gene 
expression  by  an  shRNA-mediated  protocol  is  highly  effective  and 
sustainable  under  in  vivo  conditions.  Moreover,  MAOA-knock- 
down  xenograft  tumors  showed  EMT  reversal  by  increased  stain¬ 
ing  of  E-cadherin  as  well  as  reduced  expression  of  vimentin,  and 
repressed  tumor  hypoxia  by  less  HIF  la  and  VEGF-A  staining  (Fig¬ 
ure  6B  and  Supplemental  Figure  15).  These  results  from  tumor 
xenograft  mouse  models  provide  further  evidence  that  MAOA 
drives  EMT  and  augments  PCa  cell  response  to  hypoxia. 

We  further  examined  the  levels  of  ROS  in  both  control  and 
MAOA-knockdown  tumor  samples.  MAOA  is  located  in  the  outer 


membrane  of  mitochondria  and  directly  engaged  in  hydrogen  per¬ 
oxide  production  via  the  oxidative  deamination  of  its  substrates, 
which  can  be  subsequently  converted  into  other  forms  of  ROS 
(3).  We  determined  the  rate  of  hydrogen  peroxide  generation  in 
intact  tumor  mitochondria,  which  represents  specifically  the  dif¬ 
ferences  in  MAOA-originated  ROS  production,  from  both  con¬ 
trol  and  MAOA-knockdown  tumors.  LNCaP  and  C4-2  tumors 
that  expressed  MAOA-targeting  shRNAs  showed  slower  rates  of 
hydrogen  peroxide  generation  in  comparison  with  control  tumors 
(Figure  6E),  suggesting  that  increased  ROS  production  could  be  a 
crucial  factor  underlying  MAOA’s  role  in  PCa  development,  in  line 
with  in  vitro  studies. 

We  next  evaluated  the  therapeutic  effect  of  small-molecule  inhib¬ 
itors  of  MAOA  capable  of  interfering  with  MAOA  enzymatic  activ¬ 
ity  in  PCa  xenograft  mouse  models.  Treatment  of  LNCaP  cells  with 
clorgyline,  a  potent  MAOA  inhibitor  (37),  decreased  cell  prolifera¬ 
tion,  migration,  and  invasion  (Figure  7,  A  and  B),  and  suppressed 
cellular  ROS  levels  (Figure  7 C).  Mice  bearing  subcutaneously 
androgen-independent  and  aggressive  C4-2  xenograft  tumors  (36, 
38),  when  receiving  clorgyline  treatment  via  the  i.p.  route,  showed 
reduced  tumor  growth  by  both  slower  growth  rate  and  smaller 
tumor  weight  within  a  3-week  treatment  period  (Figure  7,  D  and  E). 
In  the  meanwhile,  we  did  not  observe  significant  differences  of 
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Figure  10 

Increased  MAOA  expression  is  associated  with 
poor  prognosis  in  PCa  patients.  (A)  Kaplan-Meier 
plots  of  survival  of  PCa  patients  stratified  by  the 
expression  of  MAOA  from  tissue  microarrays  (74 
patients  in  total;  MAOA-low,  n  =  37;  MAOA-high, 
n  =  37).  Detailed  patient  information  is  given  in 
Supplemental  Table  3.  The  P  value  was  calcu¬ 
lated  by  a  log-rank  test.  (B)  Oncomine  analysis 
of  MAOA  transcript  level  in  2  publicly  available 
DNA  microarray  data  sets  (top,  Taylor  3;  bottom, 
Glinsky)  regarding  Gleason  score  (Taylor  3,  left; 
Glinsky,  left),  cancer  sample  site  (Taylor  3,  mid¬ 
dle),  seminal  vesicle  involvement  (Glinsky,  mid¬ 
dle),  and  5-year  recurrence  status  (Taylor  3,  right; 
Glinsky,  right).  *P  <  0.05,  **P  <  0.01. 
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mouse  body  weight  between  the  control  and  treatment  groups.  The 
efficacy  of  inhibition  of  MAOA  enzymatic  activity  was  confirmed 
in  tumor  samples  at  mouse  necropsy  (Figure  7F).  By  closely  charac¬ 
terizing  tumor  samples,  we  demonstrated  less  Ki-67  staining,  with 
a  26%  drop  of  Ki-67+  cells,  in  the  tumor  specimens  of  the  treatment 
group  (Figure  7G).  Moreover,  qPCR  analysis  of  tumor  samples  fur¬ 
ther  revealed  consistent  changes  in  select  markers  of  MAOA-knock- 
down  effects,  demonstrating  reduced  EMT  and  hypoxic  responses 
to  clorgyline  treatment  (Figure  7 H). 

In  addition  to  the  participation  of  MAOA  in  determining  prostate 
tumorigenesis  and  cancer  growth,  our  accumulated  evidence  that 
MAOA  induced  EMT  and  invasiveness  in  multiple  lines  of  PCa  cells 
further  led  us  to  speculate  that  MAOA  may  mediate  PCa  metasta¬ 
sis.  To  directly  test  whether  MAOA  is  functionally  important  for 
PCa  metastasis,  we  used  ARCaPM  cells,  a  highly  metastatic  human 
PCa  cell  line  (35,  39),  which  expressed  either  a  control  shRNA  or  a 
MAOA- specific  shRNA  to  stably  silence  MAOA  expression.  The  pro¬ 
gression  of  cancer  metastasis  after  intracardiac  injection  of  tumor 
cells  in  mice  was  monitored  by  weekly  bioluminescence  imaging 
(BLI)  using  a  stably  expressed  Firefly  luciferase  reporter.  BLI  analy¬ 
sis  showed  that  MAOA  knockdown  significantly  abrogated  cancer 
metastasis  in  mice  within  a  10-week  period  after  injection  (Figure  8, 
A-C).  In  contrast,  we  observed  significant  metastases  of  control 
cells  to  various  organs,  including  bone,  adrenal  gland,  lymph  node, 
lung,  and  liver,  by  BLI  imaging  with  results  confirmed  by  routine 
necrotic  protocols  (Supplemental  Table  2).  Taken  together,  these 
data  strongly  demonstrate  that  MAOA  is  a  key  determinant  of 
tumor  growth  and  metastasis  in  mice,  potentially  coordinating  the 
regulation  of  EMT,  hypoxia,  and  oxidative  stress. 

The  HIF1  a/VEGF-A/FOXOl /TWIST1  pathway  is  manifested  in  high- 
Gleason  grade  PCa.  A  critical  question  that  arises  from  our  in  vivo 


data  is  whether  the  expression  of  HIFla,  VEGF-A,  and  pFOXOl/ 
FOXOl  and  the  activation  ofTWISTl  correlate  with  clinical  grad¬ 
ing  in  human  PCa,  and  whether  the  expression  of  these  proteins 
correlates  with  MAOA  in  the  same  specimens  as  predicted  by  our 
hypothesis.  To  address  this  question,  we  used  a  semiquantitative 
analysis  of  IHC  staining  to  assess  the  expression  of  these  proteins 
in  specimens  from  60  PCa  patients,  of  which  30  were  Gleason 
grade  3  and  30  were  grade  5.  Expression  of  MAOA  was  signifi¬ 
cantly  higher  in  the  cytoplasm  of  grade  5  compared  with  grade  3 
PCa  (Figure  9A),  confirming  previous  studies.  We  observed 
intense  widespread  nuclear  HIFla  expression  in  grade  5  cells 
that  was  absent  in  grade  3  cells.  Intense  VEGF-A  immunostaining 
was  also  evident  in  Gleason  grade  5  tumor  cells  compared  with 
grade  3  tumor  cells  (Figure  9A). 

FOXOl  expression  was  observed  in  both  the  nucleus  and  cyto¬ 
plasm,  and  there  was  a  significant  decrease  of  nuclear  expression 
of  FOXOl  in  grade  5  tumor  cells  compared  with  grade  3  cells. 
pFOXOl  expression  was  present  in  both  the  nucleus  and  cyto¬ 
plasm  as  well,  but  predominantly  in  cytoplasm.  Cytoplasmic 
pFOXOl  showed  higher  staining  in  grade  5  cells  in  contrast  to 
grade  3  cells.  The  differences  seen  in  FOXOl/pFOXOl  expression 
patterns  between  Gleason  grade  3  and  grade  5  tumors  indicate  a 
dynamic  nuclear  exclusion  of  FOXOl  corresponding  with  disease 
progression.  Moreover,  intense  widespread  nuclear  TWIST  1  stain¬ 
ing  was  evident  in  the  majority  of  grade  5  tumor  cells  concurrently 
accompanied  by  a  decline  of  nuclear  FOXOl  expression  (Figure 
9A).  These  results  are  consistent  with  the  hypothesis  that  MAOA 
increases  TWIST1  expression  by  facilitating  the  phosphorylation 
and  nuclear  export  of  FOXOl  to  activate  the  TWIST1  transcrip¬ 
tion.  These  IHC  differences  were  all  further  confirmed  by  semi¬ 
quantitative  analysis  of  multiple  specimens  (Figure  9B). 
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Figure  11 

A  proposed  working  model  for  how  MAOA  regulates  prostate  tumorigenesis,  progression,  and  metas¬ 
tasis  by  engaging  EMT,  hypoxia,  and  ROS.  MAOA  induces  EMT  by  generating  ROS  that  inhibit  PHD 
activity  and  stabilizing  HIFIa.  Stimuli,  such  as  hypoxia,  can  exacerbate  MAOA-mediated  production  of 
ROS.  MAOA  further  mediates  the  activation  of  VEGF-A/NRP1  signaling  to  upregulate  the  AKT/FOXOI 
pathway,  which  results  in  the  nuclear  export  of  transcription  repressor  FOXOI  to  activate  nuclear 
TWIST1  expression. Together,  increased  MAOA  expression  promotes  EMT,  hypoxia,  and  ROS  produc¬ 
tion,  which  in  concert  drive  PCa  tumorigenesis,  progression,  and  metastasis. 


Increased  MAOA  expression  is  associated  with  poor  prognosis  in  PCa 
patients.  To  determine  whether  high  MAOA  expression  exhibited 
by  high-grade  PCa  is  associated  with  poor  patient  outcome,  we 
used  a  tissue  microarray  containing  74  cases  with  multiple  disease 
progression  (e.g.,  Gleason  score  6-10,  T2,  orT3).  After  semiquanti- 
tative  IHC  analysis  of  these  clinical  samples,  the  Kaplan-Meier  sur¬ 
vival  curves  indicated  that  MAOA-low  patients  had  significantly 
enhanced  survival  times  when  compared  with  MAOA-high  patients 
(log-rank  P  =  0.0267)  (Figure  10A  and  Supplemental  Table  3). 
We  further  evaluated  the  prognostic  value  of  MAOA  in  multiple 
public  clinical  DNA  microarray  data  sets  using  Oncomine  4.4. 
Considering  that  PCa  is  a  biologically  and  clinically  heteroge¬ 
neous  disease,  we  investigated  whether  high  MAOA  expression  was 
related  to  multiple  clinical  indices  in  a  subset  of  cases  using  Can¬ 
cer  Outlier  Profile  Analysis  (COPA),  a  methodology  that  has  been 
validated  for  uncovering  candidate  oncogenes,  such  as  ERG  (40). 
COPA  identified  MAOA  as  significantly  overexpressed  in  a  subset 
of  tumor  samples  in  15  of  27  available  data  sets  (gene  rank,  top 
20%;  fold  change,  >2;  P  <  lx  lCf  4).  Using  the  same  statistical  filters, 
MAOA  displayed  a  COPA  score  comparable  to  or  higher  than  that 
of  ERG  in  several  data  sets  (Supplemental  Table  4). 

The  Gleason  grading  system  for  PCa  is  a  key  parameter  for  clini¬ 
cally  assessing  prognosis  and  choice  of  therapy,  and  cancers  with  a 
higher  Gleason  score  are  more  aggressive  along  with  a  worse  prog¬ 
nosis  (13).  Analysis  of  2  data  sets  (Taylor  3  and  Glinsky)  indicated 
that  high-level  expression  of  MAOA  was  strongly  associated  with 
advanced  Gleason  score  (8  to  10)  (Figure  10B,  left  panels  in  both 
rows).  We  further  correlated  MAOA  expression  profiling  with  other 
clinical  indices  indicating  poor  prognosis  of  PCa,  including  metas¬ 
tasis  (lymph  node,  bone,  and  soft  tissues),  seminal  vesicle  inva¬ 
sion,  and  biochemical  recurrence.  MAOA  expression  was  increased 
when  cancer  cells  formed  metastatic  lesions  after  dissemination 
from  the  primary  site  (Figure  10B,  top  middle  panel).  Invasion  of 
the  muscular  wall  of  the  seminal  vesicles  by  PCa  is  considered  as 
another  marker  for  poor  prognosis,  metastatic  disease,  and  quick 
biochemical  recurrence  (41).  Examining  the  Glinsky  data  set,  we 


found  that  PCa  patients  with  sem¬ 
inal  vesicle  invasion  demonstrated 
higher  MAOA  expression  than 
patients  with  intact  seminal  vesicles 
(Figure  10B,  bottom  middle  panel). 
Additionally,  analysis  of  2  data  sets 
(Taylor  3  and  Glinsky)  revealed 
increased  MAOA  expression  in  PCa 
patients  who  had  biochemical  recur¬ 
rence  at  5  years  (Figure  10B,  right 
panels  in  both  rows).  Overall,  these 
clinical  data  support  the  experimen¬ 
tally  described  functional  roles  of 
MAOA  in  PCa  and  further  indicate 
its  prognostic  value  for  distinguish¬ 
ing  aggressive  from  indolent  PCa. 

In  summary,  our  data  suggest 
that  the  increased  intrinsic  MAOA 
in  high-Gleason  grade  PCa  acti¬ 
vates  a  mesenchymal  transition  and 
consequent  invasive  behavior  by  a 
mechanism  that  involves  its  ability 
to  stabilize  HIFIa  via  ROS  pro¬ 
duction  and  activate  the  VEGF-A/ 
NRPl-mediated  signaling  network,  which  drives  EMT  by  activat¬ 
ing  AKT /FOXO 1  signaling  and  enhancing  nuclear  TWIST  1  expres¬ 
sion  via  sequestration  of  FOXOI  in  the  cytoplasm  (Figure  11).  Our 
data  further  show  the  key  features  of  this  enhanced  cell  signaling 
network  in  prostate  tumor  xenograft  samples  and  in  clinical  high- 
Gleason  grade  PCa  specimens,  supporting  the  essential  roles  of 
MAOA  in  prostate  tumorigenesis  and  cancer  metastasis. 

Discussion 

Our  study  explores  extensively  how  MAOA  affects  PCa  growth 
and  metastasis  and  demonstrates,  for  the  first  time  to  our  knowl¬ 
edge,  that  MAOA  induces  EMT  and  augments  hypoxic  responses 
to  increase  the  migratory,  invasive,  and  metastatic  potential 
of  PCa  cells.  Increased  MAOA  expression  has  been  previously 
reported  in  several  types  of  cancer,  including  PCa  (7)  and  renal 
cell  carcinoma  (42).  Downregulation  of  MAOA  has  also  been 
linked  with  the  majority  of  other  cancer  types  according  to  a  pre¬ 
liminary  analysis  of  an  ensemble  of  cancer  data  sets  (43).  The  fact 
that  MAOA  is  expressed  differentially  in  various  cancers  suggests 
that  MAOA  may  be  regulated  differently  in  the  context  of  specific 
cancer  types.  By  examining  what  signaling  events  may  upregulate 
MAOA  in  PCa  specifically,  we  demonstrated  that  select  oncogenic 
events  (c-Myc  overexpression  and  the  loss  of  PTEN  and  p53)  that 
appear  to  show  high  frequency  in  PCa  (44-46)  as  well  as  activated 
androgen  signaling  were  able  to  induce  MAOA  in  PCa  (Supple¬ 
mental  Figure  16).  These  regulations,  particularly  the  induction 
of  androgen  by  MAOA,  may  be  an  important  underlying  clue  for 
the  expression  and  function  of  MAOA  in  PCa  distinct  from  other 
types  of  cancer.  Moreover,  serotonin,  a  monoamine  neurotrans¬ 
mitter  degraded  preferentially  by  MAOA,  has  been  shown  to  act  as 
a  growth  factor  for  several  types  of  cancer  (47,  48),  including  mel¬ 
anoma  (49)  and  cholangiocarcinoma  (50).  Inhibition  ofMAOA  by 
clorgyline,  which  elevated  serotonin  levels,  showed  protection  of 
melanoma  cells  against  cell  death  (5 1).  In  addition,  a  suppression 
ofMAOA  expression  that  correlates  with  worse  clinical  prognosis 
and  survival  was  associated  with  abnormally  high  levels  of  seroto- 
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nin  in  cholangiocarcinoma,  which  stimulate  cholangiocarcinoma 
cell  growth,  and  this  condition  is  responsive  to  the  blockade  by 
the  inhibition  of  serotonin  synthesis  (50,  52).  In  contrast,  sero¬ 
tonin  by  itself  plays  a  marginal  role  in  regulating  the  growth  of 
PCa  cells  in  general  (53),  and  there  was  no  significant  clinical  cor¬ 
relation  of  serotonin  levels  with  PCa  disease  progression  (54,  55). 
The  different  effects  of  serotonin  in  diverse  cancers  therefore  also 
provide  insights  into  the  differential  functions  of  MAO  A  in  PCa 
and  other  cancers.  In  addition,  given  the  differential  expressions 
of  MAOA  in  multiple  cancers,  it  would  be  worthwhile  to  exam¬ 
ine  MAOA  effects  on  EMT  and  hypoxia  in  other  types  of  cancer 
to  gain  a  more  comprehensive  in-depth  understanding  of  how 
MAOA  functions  in  cancer  generally. 

MAOA  was  shown  to  stabilize  HIFla,  activate  the  VEGF-A/ 
NRP1  system,  and  induce  the  expression  of  TWIST  1,  an  EMT 
master  transcription  factor  commonly  associated  with  EMT  pro¬ 
motion.  These  signaling  components  downstream  from  MAOA 
were  shown  to  be  clinically  relevant,  as  revealed  by  the  differential 
expressions  of  these  genes  in  PCa  specimens  of  different  Gleason 
grades.  The  clinical  relevance  of  EMT  has  been  shown  during 
tumor  progression,  and  certain  typical  characteristics,  including 
poor  differentiation,  correlated  with  aggressive  and  invasive  behav¬ 
ior  in  high-Gleason  grade  PCa  can  result  from  EMT  and  EMT-like 
processes  (56).  We  observed  both  increased  MAOA  expression  and 
EMT  in  the  same  specimens  of  high-grade  PCa,  which,  in  line  with 
our  other  results  showing  that  MAOA  can  drive  EMT  (Figure  1), 
provides  a  molecular  basis  for  the  acquisition  of  a  more  aggressive 
phenotype  in  high-Gleason  grade  PCa.  Our  observation  is  consis¬ 
tent  with  previous  studies  showing  that  pharmacological  inhibi¬ 
tion  of  MAOA  in  PCa  cells  kept  basal  prostatic  epithelial  cells  from 
differentiating  into  matured  glandular  structures  by  reorganizing 
cell  structures  and  decreasing  the  expression  of  basal  cytokeratins 
(9).  In  addition,  a  recent  clinical  survey  assessing  EMT  marker 
levels  in  clinical  samples  with  organ-confined  PCa  revealed  that 
vimentin  andTWISTl,  among  13  other  EMT  markers,  showed  the 
most  promising  predictive  potential  for  poor  prognosis  including 
biochemical  recurrence  (57).  Our  study  mechanistically  docu¬ 
mented  the  induction  of  these  2  EMT  markers,  along  with  EMT 
promotion,  by  MAOA,  and  higher  MAOA  expression  correlated 
with  poor  clinical  outcomes  in  PCa  patients,  again  suggesting  its 
potential  prognostic  value  (Figure  10). 

Elevated  ROS  levels  in  MAOA-overexpressing  cells  contributed 
to  increased  HIFla  stabilization  and  activity  (Figures  2  and  3  and 
Supplemental  Figure  8).  Conversely,  knockdown  of  MAOA  in  both 
cancer  cells  and  xenograft  tumors,  resulting  in  reduced  ROS  lev¬ 
els,  decreased  HIFla/VEGF-A  expression  and  exerted  less  hypoxic 
effects  (Figures  2  and  6  and  Supplemental  Figure  8),  which  was 
further  recapitulated  by  pharmacological  inhibition  of  MAOA 
enzymatic  activity  (Figure  7).  Several  groups  have  reported  the 
capability  of  both  endogenous  and  added  ROS  to  either  transcrip¬ 
tionally  (58)  or  posttranslationally  (15)  regulate  HIFla  activity.  We 
demonstrated  that  MAOA-produced  ROS  could  modulate  HIFla 
activity  by  suppressing  PHD  activity,  without  changes  in  HIF1A 
transcription  (Figures  2  and  3).  MAOA,  when  catalyzing  oxidative 
reactions  in  the  outer  membrane  of  mitochondria,  immediately 
produces  hydrogen  peroxide  as  a  by-product  that  can  be  further 
converted  into  other  species  of  ROS  (3).  In  the  present  system,  we 
were  able  to  pinpoint  the  intracellular  hydrogen  peroxide  released 
specifically  from  intact  mitochondria  as  well  as  extracellular  gen¬ 
eral  ROS  regulated  by  MAOA  in  PCa  cells  (Figure  6  and  Supple¬ 


mental  Figure  8).  The  secreted  ROS  in  the  extracellular  environ¬ 
ment  may  largely  serve  as  paracrine  stimuli  to  further  enhance 
HIFla  activity  via  PHD  repression  in  a  heterogeneous  tumor  cell 
population.  Subsequently,  the  increased  HIFla  expression  has  the 
potential  to  further  induce  mitochondrial  activity  including  the 
formation  of  specific  ROS  during  hypoxia  (19, 59),  potentially  pro¬ 
gramming  a  “vicious  cycle”  or  feed-forward  loop  among  MAOA, 
ROS,  and  HIFla  to  further  drive  PCa  tumorigenesis.  The  vigor¬ 
ous  characterization  of  the  role  of  MAOA-regulated  ROS  solely 
contributed  by  enzymatic  reactions  led  us  further  to  investigate 
whether  MAOA  enzymatic  activity  or  the  protein  is  the  deter¬ 
minant  for  mediating  MAOA  function  in  PCa.  By  conducting  a 
comparative  study  using  WT  and  a  mutated  MAOA  expression 
construct  that  is  defective  in  MAOA  enzymatic  activity  but  main¬ 
tains  intact  protein  expression  (60),  we  demonstrated  that  MAOA 
enzymatic  activity  rather  than  the  protein  is  the  major  player  driv¬ 
ing  the  migration,  invasion,  proliferation,  and  colonization  of  PCa 
cells  by  enhanced  EMT  and  hypoxia  (Supplemental  Figure  17), 
which  reinforces  the  role  of  MAOA-regulated  ROS  as  an  important 
mediator  for  MAOA  functions  in  PCa. 

The  ability  of  MAOA  to  control  VEGF-A/NRP1  signaling  by 
upregulating  the  expression  of  both  establishes  a  connection 
between  this  system  and  downstream  signaling  pathways.  Since 
the  seminal  observation  that  NRP1  can  function  as  a  VEGF  core¬ 
ceptor  (21),  subsequent  studies  have  demonstrated  its  functional 
importance  in  angiogenesis  and  cancer  development  (61).  MAOA 
upregulates  both  the  ligand  and  receptor  and  mediates  receptor 
function  mainly  through  the  angiogenic  aspect,  which  activates 
the  VEGF-A/NRP1  system,  particularly  its  EMT-enhancing  abil¬ 
ity  (Figure  4).  These  findings  support  the  potential  role  of  MAOA 
in  PCa  tissues  with  high  Gleason  grade,  distinguished  by  high 
tumor  angiogenesis  activity  from  low-grade  PCa.  In  addition  to 
interactions  with  angiogenic  factors,  NRP1  also  cooperates  with 
other  growth  factor  receptors,  such  as  c-Met  (62,  63)  and  TGF-|3 
receptors  (64,  65),  to  mediate  relevant  pathways  that  contribute  to 
tumorigenesis,  and  therefore  could  serve  as  a  prognostic  marker 
as  well  as  an  attractive  target  for  cancer  therapy.  This  establishes 
an  additional  rationale  for  targeting  MAOA  in  PCa  therapy,  since 
patients  with  high-Gleason  grade  PCa  may  benefit  from  the  block¬ 
ade  of  VEGF-A/NRP1 -mediated  tumor  angiogenesis  along  with 
other  neuropilin-dependent  pathways. 

One  of  the  salient  features  of  our  study  is  the  discovery  that 
MAOA  represses  E-cadherin  transcription  and  promotes  EMT 
in  PCa  cells  by  activating  the  transcription  of  TWIST1  via  AKT/ 
FOXOl  signaling.  We  found  that  MAOA  regulated  TWIST1 
most  robustly  among  the  several  master  EMT  transcription  fac¬ 
tors  we  screened.  Given  the  prominent  effect  of  TWIST1  on  the 
repression  of  the  epithelial  phenotype  by  direct  suppression  of 
E-cadherin  transcription  (66),  the  MAOA/TWIST1  axis  can  thus 
be  considered  an  effective  regulatory  node  for  the  downregula- 
tion  of  E-cadherin  by  MAOA  (Figure  1).  The  activation  of  TWIST1 
by  MAOA  is  associated  with  the  regulation  of  FOXOl  activity  by 
AKT  signaling,  a  transcription  factor  important  for  cell  death 
and  survival.  The  direct  transcriptional  regulation  of  TWIST1 
by  FOXOl,  proposed  here  for  the  first  time  to  our  knowledge, 
involves  a  key  response  element  within  the  TWIST1  promoter, 
which  is  highly  conserved  in  the  amniote  genomes  examined.  This 
finding  is  supported  by  our  mutational  analysis  of  this  element 
in  the  TWIST1  promoter  as  well  as  the  observation  that  FOXOl 
can  be  recruited  to  this  site  in  vivo  (Figure  5).  Moreover,  we  also 
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took  into  account  other  possible  mechanisms  that  may  contrib¬ 
ute  to  TWIST1  activation  in  the  MAOA  context,  such  as  HIFla 
activation  of  TWIST 1  by  binding  directly  to  a  hypoxia-response 
element  in  the  TWIST1  promoter  as  described  in  a  recent  study 
(67).  We  showed  that  MAOA  was  capable  of  inducing  TWIST1 
expression  in  response  to  effective  knockdown  of  HIFla,  suggest¬ 
ing  diverse  regulations  ofTWISTl  in  the  MAOA  context  (Supple¬ 
mental  Figure  18).  This  result  further  supports  our  mechanistic 
finding  on  the  regulation  ofTWISTl  by  MAOA/AKT/FOXO 1  sig¬ 
naling  in  a  HIFla-independent  manner.  Despite  their  all  being 
a  consequence  of  the  activation  of  VEGF-A/NRP1  and  AKT  sig¬ 
naling  to  drive  EMT,  the  mechanisms  we  elucidated  for  the  reg¬ 
ulation  ofTWISTl  by  MAOA  are  distinct  from  those  exerted  by 
other  genes,  such  as  ER|3,  which  is  engaged  in  the  activation  of 
GSK-3[3  and  SNAIL1  to  promote  EMT  (68).  In  our  studies,  we 
did  not  detect  ER|3  changes  in  the  context  of  MAOA  overexpres¬ 
sion  (Supplemental  Figure  19),  suggesting  that  MAOA’s  effects 
in  PCa  are  independent  of  ER|3  signaling.  Notably,  the  complex 
but  select  activation  of  different  pathways  for  EMT  initiation 
suggests  a  context-dependent  regulation  of  EMT.  In  addition  to 
the  profound  effect  on  promoting  and  maintaining  EMT  (25), 
TWIST1  has  also  been  implicated  in  the  regulation  of  cell  growth. 
Recent  evidence  has  indicated  that  persistent  TWIST  1  expression 
induced  growth  arrest  in  EMT-like  breast  cancer  cells  mimicked 
by  transient  TGF-p  treatment,  which  was  mechanistically  associ¬ 
ated  with  cooperation  with  SNAIL1  and  a  signal  feedback  loop 
involving  p38  and  extracellular  signal-regulated  kinase  (ERK) 
(69).  By  contrast,  we  observed  an  opposite  effect  ofTWISTl  on 
cell  proliferation  (Supplemental  Figure  12C),  which,  however, 
is  consistent  with  the  findings  reported  by  several  other  groups 
where  genetic  interference  with  TWIST1  expression  decreased 
PCa  cell  proliferation  independent  of  cellular  androgen  levels 
and  responses  (70,  7 1).  Furthermore,  we  did  not  find  any  changes 
in  SNAIL1  level  and  p38  and  ERK1/2  activity  in  the  context  of 
MAOA  (Supplemental  Figure  20),  which  could  be  an  underlying 
mechanism  accounting  for  the  TWIST1  effect  in  the  present  sys¬ 
tem.  These  controversial  results  suggest,  once  again,  a  potential 
cell  context-dependent  role  for  TWIST1  in  cell  growth,  related 
possibly  to  cell  types,  relevant  gene  expression  profiling,  and  the 
responses  of  cancer  cells  to  environmental  cues. 

Our  study  shows  that  genetic  intervention  with  MAOA  expres¬ 
sion,  by  avoiding  the  potential  off-target  effects  of  pharmacolog¬ 
ical  inhibitors,  significantly  impeded  PCa  progression  or  even 
eliminated  prostate  tumorigenesis  in  mice,  using  tumor  xenograft 
models  established  from  multiple  human  and  murine  prostate 
carcinoma  cell  lines  (Figure  6).  Moreover,  inhibition  of  MAOA 
enzymatic  activity  by  the  small-molecule  clorgyline  achieved 
growth-inhibitory  effects  on  xenograft  tumors  (Figure  7).  The 
mechanisms  discussed  here  suggest  that  targeting  MAOA  blocks 
PCa  tumor  growth  by  disrupting  or  disengaging  the  convergent 
signaling  network  involving  EMT,  hypoxia,  and  oxidative  stress 
(Figure  11).  In  addition,  genetic  silencing  of  MAOA  abolished  the 
metastasis  of  an  aggressive  androgen-independent  PCa  cell  line  in 
mice  (Figure  8),  reinforcing  the  critical  roles  of  MAOA  in  EMT  ini¬ 
tiation  and  cell  invasiveness. 

In  summary,  we  have  uncovered  the  underlying  molecular 
mechanisms  contributing  to  MAOA-initiated  PCa  progression. 
MAOA  was  shown  to  induce  EMT,  stabilize  HIFla,  and  mediate 
hypoxia-elicited  elevation  of  ROS  in  prostate  carcinomas.  Ele¬ 
vated  MAOA  signaling  also  increased  the  expression  of  VEGF-A 


and  its  coreceptor  NRP1,  which  together  enhance  EMT  by  stimu¬ 
lating  AKT/FOXO 1  signaling  and  promoting  TWIST 1  expression 
through  sequestration  ofFOXOl  in  the  cytoplasm.  The  molecular 
basis  of  MAOA  action  could  serve  as  a  prognostic  biomarker  for 
poor  differentiation  and  increased  aggressiveness  in  PCa.  Target¬ 
ing  MAOA  and  disengaging  its  downstream  signaling  network 
driving  EMT,  hypoxia,  and  oxidative  stress  provides  a  promising 
mechanistic  rationale  for  therapeutic  development. 

Methods 

Clinical  specimens.  All  tissue  specimens  used  in  this  study  were  archived 
formalin-fixed  paraffin-embedded  (FFPE)  PCa  tissues.  These  FFPE  pri¬ 
mary  PCa  specimens  of  defined  Gleason  grades  were  obtained  from  the 
Department  of  Pathology,  Xijing  Hospital,  Fourth  Military  Medical  Uni¬ 
versity  (FMMU).  PCa  tissue  microarrays,  including  a  total  of  74  primary 
adenocarcinomas  with  patient  overall  survival  data,  were  obtained  from 
Imgenex  and  US  Biomax.  Specimens  were  stained  with  antibodies  spe¬ 
cific  for  MAOA  (Santa  Cruz),  E-cadherin  (Cell  Signaling),  vimentin  (Santa 
Cruz),  HIFla  (Novus  Biologicals),  VEGF-A  (Santa  Cruz),  FOXOl  (Milli- 
pore),  pFOXOl  (Milhpore),  and  TWIST1  (Sigma- Aldrich)  following  our 
published  protocol  (72,  73)  with  minor  modifications  as  described  below. 
Additional  details  on  the  clinical  specimens  used  and  methods  of  IHC 
analysis  are  provided  in  the  Supplemental  Methods  online. 

Cells  and  reagents.  Human  PCa  PC-3  and  LNCaP  cell  lines  were  obtained 
from  American  Type  Culture  Collection.  Human  PCa  C4-2  (36)  and 
ARCaPM  (35,  39)  cell  lines  were  established  by  our  laboratory.  The  murine 
PCa  MPC3  cell  line,  bearing  a  double  knockout  of  Pten  and  p53,  was 
provided  by  Neil  Bhowmick  (Cedars-Sinai  Medical  Center).  For  hypoxia 
experiments,  cells  were  grown  in  a  hypoxic  chamber  (1%  O2,  5%  CO2). 
Human  MAOA  expression  construct  was  generated  by  insertion  of  the 
human  MAOA  coding  region  at  EcoRl-Bglll  sites  in  3xFLAG-pCMV  vector 
(Sigma-Aldrich)  containing  a  neomycin-resistant  gene.  Human  E-cadherin 
promoter  luciferase  reporter  construct  (pGL2Basic-EcadKl)  was  provided 
by  Eric  Fearon  (University  of  Michigan,  Ann  Arbor,  MI)  and  obtained  from 
Addgene.  Human  constitutively  active  (AAA)  FOXOl  expression  construct 
was  provided  by  Kun-Liang  Guan  (University  of  California,  San  Diego,  CA) 
and  obtained  from  Addgene.  Human  TW1ST1  promoter  luciferase  reporter 
constructs  of  various  lengths  were  provided  by  Lu-Hai  Wang  (Mount  Sinai 
Hospital,  New  York,  NY).  The  Renilla  luciferase  plasmid  was  purchased 
from  Promega.  Human  MAOA ,  NRP1,  and  nontargeting  control  shRNA 
lentiviral  particles  were  purchased  from  Sigma-Aldrich  or  Santa  Cruz.  NAC 
and  clorgyline  were  purchased  from  Sigma-Aldrich.  DMOG  and  MG132 
were  purchased  from  Millipore.  Additional  details  on  cells  and  reagents 
used  in  this  study  are  provided  in  the  Supplemental  Methods. 

Biochemical  analyses.  Total  RNA  was  isolated  using  the  RNeasy  Mini  Kit 
(Qiagen)  and  reverse-transcribed  to  cDNA  by  M-MLV  reverse  transcriptase 
(Promega)  as  described  previously  (74).  Details  on  primers  and  methods 
used  for  qPCR  are  provided  in  the  Supplemental  Methods.  For  lmmuno- 
blots,  cells  were  extracted  with  radioimmunoprecipitation  assay  buffer  in 
the  presence  of  a  protease  and  phosphatase  inhibitor  cocktail  (Thermo  Sci¬ 
entific),  and  blots  were  performed  as  described  previously  (75,  76)  using 
primary  antibodies  against  MAOA  (Santa  Cruz),  E-cadherin  (Cell  Signal- 
ing),  vimentin  (Santa  Cruz),  N-cadherin  (Santa  Cruz),  TWIST1  (Santa 
Cruz),  (1-act in  (Sigma-Aldrich),  HIFla  (BD  Biosciences),  hydroxy-HIFla 
(Cell  Signaling),  PHD  1-4  (Novus  Biologicals),  NRP1  (Santa  Cruz),  phos- 
pho-AKT  (Ser473)  (Cell  Signaling),  AKT  (Cell  Signaling),  phospho-FOXOl 
(Thr24)  (Cell  Signaling),  FOXO 1  (Santa  Cruz),  lamin  B 1  (Cell  Signaling),  or 
GAPDH  (Cell  Signaling).  Immunoblots  were  further  subjected  to  morpho¬ 
metric  and  statistical  analysis  by  ImageJ  software  (NIH)  (Supplemental  Fig¬ 
ure  21).  Nuclear/cytoplasmic  and  mitochondrial/cytoplasmic  extracts  used 
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for  immunoblots  were  prepared  with  individual  kits  (Thermo  Scientific). 
VEGF-A  levels  in  culture  media  were  quantified  by  ELISA  (R&D  Systems). 

Migration  and  invasion  assays.  Assays  were  performed  using  6.5-mm  tran¬ 
swell  inserts  (8-pm  pore  size)  coated  with  either  collagen  I  or  Growth 
Factor  Reduced  Matrigel  (BD  Biosciences)  for  the  migration  and  inva¬ 
sion  assays,  respectively.  Cells  were  serum-starved  overnight  before 
seeding  to  eliminate  the  interference  of  proliferative  effect  with  cell 
migration  or  invasion.  Cells  were  seeded  inside  transwell  inserts  con¬ 
taining  culture  medium  without  serum.  After  18-24  hours,  the  cells  that 
translocated  to  the  lower  surface  of  the  filters  were  fixed  in  4%  formalde¬ 
hyde.  The  fixed  membranes  were  stained  using  1%  crystal  violet.  Assays 
were  quantified  by  counting  of  the  number  of  stained  nuclei  in  5  inde¬ 
pendent  fields  in  each  transwell. 

Luciferase  assays.  PC-3  cells  were  transfected  with  the  desired  Firefly  luci- 
ferase  reporter  plasmids  and  the  Renilla  luciferase  construct  to  normalize 
for  transfection  efficiency.  Relative  light  units  were  calculated  as  the  ratio  of 
Firefly  luciferase  to  Renilla  luciferase  activity.  The  protocol  used  for  transfection 
and  measurement  of  luciferase  activity  has  been  described  previously  (77). 

ROS  measurement.  Cellular  ROS  was  measured  according  to  published 
protocols  (78,  79).  Briefly,  cells  were  washed  with  PBS  and  incubated 
with  5  pM  CM-H2DCFDA  (Life  Technologies)  for  30  minutes.  Cells  were 
trypsinized,  and  mean  FL1  fluorescence  was  measured  by  flow  cytometry. 
Intact  cellular  or  tumor  mitochondria  were  isolated  with  a  kit  (Thermo 
Scientific)  or  according  to  published  protocols  (80),  respectively,  and  the 
hydrogen  peroxide  generation  rate  was  measured  for  a  period  of  30  min¬ 
utes  using  the  Amplex  Red  Hydrogen  Peroxide  Assay  Kit  (Life  Technolo¬ 
gies)  by  a  spectrophotometer. 

Analyses  ofTwistl  promoter.  Serial  deletion  analysis  of  TWIST1  promoter 
was  used  to  locate  the  putative  FOXO  1-response  element.  Site-directed 
mutagenesis  was  used  to  mutate  the  DAF-16  binding  element  (DBE) 
sequence  from  CCAAACT  to  CCGCGCT.  ChIP  analysis  was  used  to  deter¬ 
mine  the  direct  association  of  endogenous  FOXOl  protein  with  the  native 
TWIST1  promoter  in  control  and  MAOA-overexpressing  PC-3  cells.  Details 
of  these  analyses  are  provided  in  Supplemental  Methods. 

Animal  studies.  Male  4-  to  6-week-old  athymic  nude  mice,  SCID-beige 
mice,  and  immune-intact  C57BL/6  mice  were  purchased  from  Tac- 
onic,  housed  in  the  animal  research  facility  at  Cedars-Sinai  Medical 
Center  (CSMC),  and  fed  a  normal  chow  diet.  For  xenograft  studies, 
1  x  106  LNCaP,  C4-2,  ARCaPM  (shCon  and  shMAOA),  or  PC-3  (vector 
and  MAOA-overexpression)  cells  were  mixed  1:1  with  Matrigel  (BD  Bio¬ 
sciences)  and  injected  s.c.  into  nude  mice,  and  1  x  106  MPC3  (shCon  and 
shMAOA)  cells  were  injected  s.c.  into  immune-intact  C57BL/6  mice.  Each 
mouse  was  injected  on  both  flanks.  Four  to  seven  mice  were  used  for 
each  group.  Details  on  the  number  of  mice  and  injection  sites  used  for 
each  cell  line  to  establish  subcutaneous  tumor  xenografts  are  provided 
in  Supplemental  Table  1.  Tumor  size  was  measured  every  2-3  days  by 
caliper  from  the  time  of  the  formation  of  palpable  tumors,  and  tumors 
were  dissected  and  weighed  after  3-6  weeks.  Tumor  volume  was  calcu¬ 
lated  by  the  formula  of  length  x  width2  x  0.52  (81).  Tumors  were  fixed  in 
4%  formaldehyde  and  embedded  in  paraffin.  Sections  were  stained  with 
H&E  in  accordance  with  standard  procedures  (82). 

For  determining  the  effect  of  clorgyline  on  tumor  growth,  1  x  106  C4-2 
cells  were  mixed  1:1  with  Matrigel  and  injected  s.c.  into  nude  mice,  with 
each  mouse  bearing  1  tumor  on  the  right  flank.  Mice  were  randomly 
assigned  to  2  groups  (clorgyline  treatment  vs.  control,  n  =  5  for  each)  when 
the  tumors  reached  a  measurable  size  of  100-200  mm3.  Daily  i.p.  injec¬ 
tion  of  clorgyline  (10  mg/kg)  was  given  to  mice  of  the  treatment  group  for 
21  days,  and  saline  injection  was  used  for  the  control  group.  Tumor  size 
was  measured  every  3  days  by  caliper,  and  tumors  were  weighed  when  mice 
were  subjected  to  necropsy  on  day  21. 


For  metastatic  studies,  1  x  106  ARCaPM  cells  tagged  with  a  Firefly  luci¬ 
ferase  reporter  construct  (Promega)  were  injected  into  the  left  cardiac 
ventricle  of  anesthetized  SCID-beige  mice  as  described  previously  (39). 
Development  of  metastases  was  monitored  by  BLI.  Anesthetized  mice  were 
injected  i.p.  with  30  mg  D-Luciferin  per  mouse  (Gold  Biotech).  Biolumi¬ 
nescence  images  were  acquired  with  a  Xenogen  IVIS  Spectrum  Imaging 
System  (PerkinElmer).  Analysis  was  performed  with  Living  Image  software 
(PerkinElmer)  by  measurement  of  photon  flux  in  the  whole  bodies  of  mice. 
Data  were  normalized  to  the  signal  in  week  1. 

Immunohistochemistry .  IHC  analysis  of  tumor  xenograft  or  mouse  pri¬ 
mary  tumor  samples  was  performed  using  antibodies  against  Ki-67 
(Dako),  MAOA  (Santa  Cruz),  E-cadherin  (Cell  Signaling),  vimentin  (Santa 
Cruz),  HIFla  (BD  Biosciences),  or  VEGF-A  (Santa  Cruz)  following  our 
published  protocol  (72)  with  minor  modifications.  Briefly,  FFPE  sections 
(4  pm)  were  deparaffinized,  rehydrated,  and  subjected  to  antigen  retrieval. 
After  incubation  in  Dual  Endogenous  Enzyme  Block  solution  (Dako)  for 
10  minutes,  the  section  was  treated  with  primary  antibody  diluted  by  dif¬ 
ferent  folds  with  Antibody  Diluent  solution  (Dako)  at  4°C  overnight.  The 
section  was  then  washed  3  times  in  PBST  (PBS  containing  0.2%  Tween-20) 
for  5  minutes  per  washing.  To  detect  specific  staining,  the  section  was 
treated  for  30  minutes  with  EnVision  +  Dual  Link  System-HRP  (Dako), 
which  contained  HRP-conjugated  goat  antibodies  against  mouse  and  rab¬ 
bit  IgG.  The  section  was  washed  3  times  for  5  minutes  each,  and  specific 
stains  were  developed  with  3'3-diaminobenzidine  (Dako).  Image  acquisi¬ 
tion  was  performed  using  a  Nikon  camera  and  software.  Magnification 
was  x400  (scale  bars  ~20  pm). 

MAOA  enzymatic  activity  assay.  MAOA  enzymatic  activity  was  determined 
in  control  and  MAOA-knockdown  cells  and  tumor  samples  as  described 
previously  (83).  Briefly,  100  pg  of  total  protein  was  incubated  with  1  mM 
[14C]5-HT  in  the  assay  buffer  at  37° C  for  20  minutes,  and  the  reaction  was 
terminated  by  the  addition  of  ice-cold  6  N  HCl.  The  reaction  products  were 
extracted  with  benzene/ethyl  acetate  (1:1)  and  centrifuged  at  4°C  for  7  min¬ 
utes.  The  organic  phase  containing  the  reaction  products  was  extracted,  and 
radioactivity  was  determined  by  liquid  scintillation  spectroscopy. 

Microarray  data  sets.  Two  PCa  DNA  microarray  data  sets,  Taylor  3  (84) 
and  Glinsky  (85),  were  downloaded  directly  from  the  Oncomine  database 
by  licensed  access.  Microarray  data  of  the  Taylor  3  data  set  are  also  publicly 
available  in  Gene  Expression  Omnibus  (GEO  GSE21032). 

Statistics.  Data  are  presented  as  the  mean  ±  SEM  as  indicated  in  the  figure 
legends.  Comparisons  between  Kaplan-Meier  curves  were  performed  using 
the  log-rank  test.  All  other  comparisons  were  analyzed  by  unpaired  2-tailed 
Student’s  t  test.  A  Rvalue  less  than  0.05  was  considered  statistically  significant. 

Study  approval.  All  animal  studies  received  prior  approval  by  the  IACUC 
of  CSMC  and  were  conducted  in  compliance  with  its  recommendations. 
All  human  studies  were  reviewed  and  approved  by  the  IRB  of  CSMC  and 
FMMU,  and  written  informed  consent  was  provided  for  human  samples. 

Acknowledgments 

This  work  was  supported  by  NIH/National  Cancer  Institute  grants 
5P01CA098912  and  R01CA122602,  the  Board  of  Governors 
Cancer  Research  Chair,  and  the  Steven  Spielberg  Fund  in  Pros¬ 
tate  Cancer  Research  (to  L.W.K.  Chung);  Department  of  Defense 
Prostate  Cancer  Research  Program  grant  W81XWH-12-1-0282  (to 
H.E.  Zhau  and  J.C.  Shih);  and  the  Daniel  Tsai  Family  Fund  (to  J.C. 
Shih).  We  thank  Lei  Zhang  (FMMU,  Xi’an,  Shaanxi,  China)  for 
providing  clinical  specimens,  Pradip  Roy-Burman  (Department 
of  Pathology,  University  of  Southern  California,  Los  Angeles,  CA) 
for  providing  mouse  prostate-specific  Pten- knockout  tumor  spec¬ 
imens,  and  Bin  Qian  and  Jenny  Wu  (Department  of  Pharmacol¬ 
ogy  and  Pharmaceuticals,  University  of  Southern  California,  Los 


2906 


The  Journal  of  Clinical  Investigation  http://www.jci.org  Volume  124  Number  7  July  2014 


research  article 


Angeles,  CA)  for  providing  technical  assistance.  We  also  thank 
Gary  Mawyer  for  editorial  assistance. 

Received  for  publication  May  20,  2013,  and  accepted  in  revised 
form  April  3,  2014. 

Address  correspondence  to:  Leland  W.K.  Chung,  Cedars-Sinai 
Medical  Center,  8750  Beverly  Boulevard,  Atrium  103,  Los  Angeles, 

1.  Siegel  R,  Naishadham  D,  Jemal  A.  Cancer  statistics, 

2013.  CA  Cancer J  Clin.  2013;63(1):  1 1-30. 

2.  Partin  AW,  et  al.  Combination  of  prostate-spe¬ 
cific  antigen,  clinical  stage,  and  Gleason  score  to 
predict  pathological  stage  of  localized  prostate 
cancer.  A  multi-institutional  update.  JAMA.  1997; 

277(18):1445-1451. 

3.  Shih  JC,  Chen  K,  Ridd  MJ.  Monoamine  oxidase: 
from  genes  to  behavior.  Annu  Rev  Neurosci.  1999; 

22:197-217. 

4.  Shih  JC,  Wu  JB,  Chen  K.  Transcriptional  regulation 
and  multiple  functions  of  MAO  genes.  J  Neural 
Transm.  2011;118(7):979-986. 

5.  Bortolato  M,  Chen  K,  Shih  JC.  Monoamine  oxidase 
inactivation:  from  pathophysiology  to  therapeutics. 

Adv  Drug Deliv  Rev.  2008;60(13-14):1527-1533. 

6.  Trachootham  D,  Alexandre  J,  Huang  P.  Target¬ 
ing  cancer  cells  by  ROS-mediated  mechanisms:  a 
radical  therapeutic  approach?  Nat  Rev  DrugDiscov. 

2009;8(7):579-591. 

7.  True  L,  et  al.  A  molecular  correlate  to  the  Gleason 
grading  system  for  prostate  adenocarcinoma.  Proc 
Natl  Acad  Sci  US  A.  2006;103(29):10991-10996. 

8.  Peehl  DM,  Coram  M,  Khine  H,  Reese  S,  Nolley  R, 

Zhao  H.  The  significance  of  monoamine  oxidase-A 
expression  in  high  grade  prostate  cancer.  J  Urol. 

2008;180(5):2206-2211. 

9.  Zhao  H,  Nolley  R,  Chen  Z,  Reese  SW,  Peehl  DM. 

Inhibition  of  monoamine  oxidase  A  promotes 
secretory  differentiation  in  basal  prostatic  epithe¬ 
lial  cells.  Differentiation.  2008;76(7):820-830. 

10.  NauseefJT,  Henry  MD.  Epithelial-to-mesenchymal 
transition  in  prostate  cancer:  paradigm  or  puzzle? 

Nat  Rev  Urol.  2011;8(8):428-439. 

11.  Stewart  GD,  Ross  JA,  McLaren  DB,  Parker  CC, 

Habib  FK,  Riddick  AC.  The  relevance  of  a  hypoxic 
tumour  microenvironment  in  prostate  cancer.  BJU 
Int.  2010;105(1):8-13. 

12.  Gupta-Elera  G,  Garrett  AR,  Robison  RA,  O’Neill 
KL.  The  role  of  oxidative  stress  in  prostate  cancer. 

EurJ Cancer Prev.  2012;21(2):155-162. 

13.  Gleason  DF,  Mellinger  GT.  Prediction  of  prog¬ 
nosis  for  prostatic  adenocarcinoma  by  combined 
histological  grading  and  clinical  staging.  J  Urol. 

1974;lll(l):58-64. 

14.  Lu  X,  Kang  Y.  Hypoxia  and  hypoxia-inducible  fac¬ 
tors:  master  regulators  of  metastasis.  Clin  Cancer 
Res.  2010;16(24):5928-5935. 

15.  Finley  LW,  et  al.  SIRT3  opposes  reprogramming  of 
cancer  cell  metabolism  through  HIFla  destabiliza¬ 
tion.  Cancer  Cell.  2011;19(3):416-428. 

16.  Kaelin  WG  Jr,  Ratcliffe  PJ.  Oxygen  sensing  by 
metazoans:  the  central  role  of  the  HIF  hydroxylase 
pathway.  Mol  Cell.  2008;30(4):393-402. 

17.  Schnaitman  C,  Erwin  VG,  Greenawalt  JW.  The  sub- 
mitochondrial  localization  of  monoamine  oxidase. 

An  enzymatic  marker  for  the  outer  membrane  of  rat 
liver  mitochondria./ Cell  Biol.  1967;32(3):719-735. 

18.  Wang  GL,  Jiang  BH,  Rue  EA,  Semenza  GL.  Hypoxia- 
inducible  factor  1  is  a  basic-helix-loop-helix-PAS 
heterodimer  regulated  by  cellular  02  tension.  Proc 
Natl  Acad  Sci  USA.  1995;92(12):5510-5514. 

19.  Chandel  NS,  Maltepe  E,  Goldwasser  E,  Mathieu  CE, 

Simon  MC,  Schumacker  PT.  Mitochondrial  reactive 
oxygen  species  trigger  hypoxia-induced  transcription. 

Proc  Natl  Acad  Sci  USA.  1998;95(20):  11715-1 1720. 

20.  Antonarakis  ES,  Carducci  MA.  Targeting  angio- 


California  90048,  USA.  Phone:  310.423.7622;  Fax:  310.423.8543; 
E-mail:  leland.chung@cshs.org.  Or  to:  Jean  C.  Shih,  University  of 
Southern  California,  1985  Zonal  Avenue,  PSC  518,  Los  Angeles, 
California  90089,  USA.  Phone:  323.442.1441;  Fax:  323.442.3229; 
E-mail:  jcshih@usc.edu.  Or  to:  Haiyen  E.  Zhau,  Cedars-Sinai  Med¬ 
ical  Center,  8750  Beverly  Boulevard,  Atrium  103,  Los  Angeles, 
California  90048,  USA.  Phone:  310.423.8179;  Fax:  310.423.8543; 
E-mail:  haiyen.zhau@cshs.org. 

ing  tumors  in  athymic  and  SCID/bg  mice  using 
LNCaP  and  lineage-derived  metastatic  sublines. 
Int  J  Cancer.  1998;77(6):887-894. 

39.  Xu  J,  et  al.  Prostate  cancer  metastasis:  role  of  the  host 
microenvironment  in  promoting  epithelial  to  mesen¬ 
chymal  transition  and  increased  bone  and  adrenal 
gland  metastasis.  Prostate.  2006;66(15):1664-1673. 

40.  Tomlins  SA,  et  al.  Recurrent  fusion  of  TMPRSS2 
and  ETS  transcription  factor  genes  in  prostate  can¬ 
cer.  Science.  2005;310(5748):644-648. 

41.  Potter  SR,  Epstein  JI,  Partin  AW.  Seminal  vesicle 
invasion  by  prostate  cancer:  prognostic  signifi¬ 
cance  and  therapeutic  implications.  Rev  Urol.  2000; 
2(3):190-195. 

42.  Hodorova  I,  et  al.  Comparison  of  expression  pat¬ 
tern  of  monoamine  oxidase  A  with  histopathologic 
subtypes  and  tumour  grade  of  renal  cell  carcinoma. 
Med  SciMonit.  2012;18(12):BR482-BR486. 

43.  Rybaczyk  LA,  Bashaw  MJ,  Pathak  DR,  Huang  K.  An 
indicator  of  cancer:  downregulation  of  monoamine 
oxidase-A  in  multiple  organs  and  species.  BMC 
Genomics.  2008;9:134. 

44.  Gurel  B,  et  al.  Nuclear  MYC  protein  overexpression 
is  an  early  alteration  in  human  prostate  carcino¬ 
genesis.  Mod  Pathol.  2008;21(9):1156-11 67. 

45.  McMenamin  ME,  Soung  P,  Perera  S,  Kaplan  I,  Loda 
M,  Sellers  WR.  Loss  of  PTEN  expression  in  paraf¬ 
fin-embedded  primary  prostate  cancer  correlates 
with  high  Gleason  score  and  advanced  stage.  Can¬ 
cer  Res.  1999;59(17):4291-4296. 

46.  Chi  SG,  deVere  White  RW,  Meyers  FJ,  Siders  DB, 
Lee  F,  Gumerlock  PH.  p53  in  prostate  cancer:  fre¬ 
quent  expressed  transition  mutations.  J  Natl  Cancer 
Inst.  1994;86(12):926-933. 

47.  Pratesi  G,  Cervi  S,  Balsari  A,  Bondiolotti  G, 
Vicentini  LM.  Effect  of  serotonin  and  nicotine 
on  the  growth  of  a  human  small  cell  lung  cancer 
xenograft.  Anticancer  Res.  1996;16(6B):3615-3619. 

48.  Soil  C,  et  al.  Serotonin  promotes  tumor  growth 
in  human  hepatocellular  cancer.  Hepatology.  2010; 
51(4):1244-1254. 

49.  Lee  HJ,  Park  MK,  Kim  SY,  Park  Choo  HY,  Lee  AY,  Lee 
CH.  Serotonin  induces  melanogenesis  via  serotonin 
receptor  2 A.  BrJ Dermatol.  2011;165(6):1 344- 1138. 

50.  Alpini  G,  et  al.  Serotonin  metabolism  is  dysregulated 
in  cholangiocarcinoma,  which  has  implications  for 
tumor  growth.  Cancer  Res.  2008;68(22):9184-9193. 

51.  Malorni  W,  et  al.  Protection  against  apoptosis  by 
monoamine  oxidase  A  inhibitors.  FEBS  Lett.  1998; 
426(1):155-159. 

52.  Huang  L,  et  al.  Monoamine  oxidase  A  expression 
is  suppressed  in  human  cholangiocarcinoma  via 
coordinated  epigenetic  and  IL-6-driven  events.  Lab 
Invest.  20 12;92(  10):  145 1-1460. 

53.  Pirozhok  I,  Meye  A,  Hakenberg  OW,  Fuessel  S, 
Wirth  MP.  Serotonin  and  melatonin  do  not  play 
a  prominent  role  in  the  growth  of  prostate  cancer 
cell  lines.  Urollnt.  2010;84(4):452-460. 

54. Jungwirth  N,  Haeberle  L,  Schrott  KM,  Wullich  B, 
Krause  FS.  Serotonin  used  as  prognostic  marker  of 
urological  tumors.  World J  Urol.  2008;26(5):499-504. 

55.  Heinrich  E,  et  al.  Neuroendocrine  tumor  cells  in 
prostate  cancer:  evaluation  of  the  neurosecre¬ 
tory  products  serotonin,  bombesin,  and  gastrin 
—  impact  on  angiogenesis  and  clinical  follow-up. 
Prostate.  2011;71(16):1752-1758. 

56.  Savagner  P.  The  epithelial-mesenchymal  tran- 


genesis  for  the  treatment  of  prostate  cancer.  Expert 
Opin  Ther  Targets.  2012;16(4):365-376. 

21.  Soker  S,  Takashima  S,  Miao  HQ,  Neufeld  G,  Klags- 
brun  M.  Neuropilin-1  is  expressed  by  endothelial 
tumor  cells  as  an  isoform-specific  receptor  for  vascular 
endothelial  growth  factor.  Cell.  1998;92(6):735-745. 

22.  Bartholomeusz  C,  Gonzalez-Angulo  AM.  Target¬ 
ing  the  PI3K  signaling  pathway  in  cancer  therapy. 
ExpertOpin  Ther  Targets.  2012;16(1):121-130. 

23.  Zhang  Y,  Gan  B,  Liu  D,  Paik  JH.  FoxO  family  mem¬ 
bers  in  cancer.  Cancer  Biol  Ther.  201 1;12(4):253-259. 

24.  Bachelder  RE,  et  al.  Vascular  endothelial  growth 
factor  is  an  autocrine  survival  factor  for  neuropil- 
in-expressing  breast  carcinoma  cells.  Cancer  Res. 
2001;61(15):5736-5740. 

25.  Yang  J,  et  al.  Twist,  a  master  regulator  of  morpho¬ 
genesis,  plays  an  essential  role  in  tumor  metastasis. 
Cell.  2004;117(7):927-939. 

26.  Wallerand  H,  et  al.  The  epithelial-mesenchymal 
transition-inducing  factor  TWIST  is  an  attractive 
target  in  advanced  and/or  metastatic  bladder  and 
prostate  cancers.  Urol  Oncol.  2010;28(5):473-479. 

27.  Vichalkovski  A,  Gresko  E,  Hess  D,  Restuccia  DF, 
Hemmings  BA.  PKB/AKT  phosphorylation  of  the 
transcription  factor  Twist- 1  at  Ser42  inhibits  p53 
activity  in  response  to  DNA  damage.  Oncogene. 
2010;29(24):3554-3565. 

28.  Xue  G,  et  al.  Akt/PKB-mediated  phosphorylation 
of  Twistl  promotes  tumor  metastasis  via  mediat¬ 
ing  cross-talk  between  PI3K/Akt  TGF-beta  signal¬ 
ing  axes.  Cancer Discov.  2012;2(3):248-259. 

29.  Shiota  M,  et  al.  Foxo3a  suppression  of  urothelial 
cancer  invasiveness  through  Twistl,  Y-box-binding 
protein  1,  E-cadherin  regulation.  Clin  Cancer  Res. 
2010;16(23):5654-5663. 

30.  Tang  ED,  Nunez  G,  Barr  FG,  Guan  KL.  Negative  reg¬ 
ulation  of  the  forkhead  transcription  factor  FKHR 
by  Akt.JBiol  Chem.  1999;274(24):16741-16746. 

31.  Cheng  GZ,  et  al.  Twist  is  transcriptionally  induced  by 
activation  of  STAT3  and  mediates  STAT3  oncogenic 
function .JBiol  Chem.  2008;283(21):14665-14673. 

32.  Glauser  DA,  Schlegel  W.  The  emerging  role  of  FOXO 
transcription  factors  in  pancreatic  P  cells.  J  Endo¬ 
crinol.  2007;193(2):195-207. 

33.  Allen  DL,  Unterman  TG.  Regulation  of  myostatin 
expression  and  myoblast  differentiation  by  FoxO 
and  SMAD  transcription  factors.  Am  J  Physiol  Cell 
Physiol.  2007;292(1):C188-C199. 

34.  Fan  W,  et  al.  FoxO  1  regulates  Tlr4  inflammatory 
pathway  signalling  in  macrophages.  EMBO  J. 
2010;29(24):4223-4236. 

35.  Zhau  HY,  et  al.  Androgen-repressed  phenotype  in 
human  prostate  cancer.  Proc  Natl  Acad  Sci  USA.  1996; 
93(26):  15 152-15 157. 

36.  Thalmann  GN,  et  al.  Androgen-independent  can¬ 
cer  progression  and  bone  metastasis  in  the  LNCaP 
model  of  human  prostate  cancer.  Cancer  Res. 
1994;54(10):2577-2581. 

37.  Green  AR,  Youdim  MB.  Effects  of  monoamine 
oxidase  inhibition  by  clorgyline,  deprenil  or  tran¬ 
ylcypromine  on  5-hydroxytryptamine  concentra¬ 
tions  in  rat  brain  hyperactivity  following  subse¬ 
quent  tryptophan  administration.  Br  J  Pharmacol. 
1975;55(3):415-422. 

38.  Wu  TT,  et  al.  Establishing  human  prostate  cancer 
cell  xenografts  in  bone:  induction  of  osteoblastic 
reaction  by  prostate-specific  antigen-produc- 


The  Journal  of  Clinical  Investigation  http://www.jci.org  Volume  124  Number  7  July  2014 


2907 


research  article 


sition  (EMT)  phenomenon.  Ann  Oncol.  2010; 
21(suppl  7):vii89-vii92. 

57.  Behnsawy  HM,  Miyake  H,  Harada  K,  Fujisawa  M. 
Expression  patterns  of  epithelial-mesenchymal 
transition  markers  in  localized  prostate  cancer:  sig¬ 
nificance  in  clinicopathological  outcomes  following 
radical  prostatectomy.  BJU Int.  2013;1 1  l(l):30-37. 

58.  Bonello  S,  et  al.  Reactive  oxygen  species  activate  the 
HIF-la  promoter  via  a  functional  NFkB  site.  Arte- 
riosclerTbromb  Vase  Biol.  2007;27(4):755-761. 

59.  Chandel  NS,  et  al.  Reactive  oxygen  species  generated 
at  mitochondrial  complex  III  stabilize  hypoxia- 
inducible  factor- la  during  hypoxia:  a  mechanism  of 
02  sensing .JBiolChem.  2000;275(33):25 130-25 138. 

60.  Geha  RM,  Chen  K,  Wouters  J,  Ooms  F,  Shih  JC.  Anal¬ 
ysis  of  conserved  active  site  residues  in  monoamine 
oxidase  A  and  B  and  their  three-dimensional  molecu¬ 
lar  mode\ing.J Biol  Chem.  2002]277(19):  17209-17216. 

61.  Guttmann-Raviv  N,  Kessler  O,  Shraga-Heled  N, 
Lange  T,  Herzog  Y,  Neufeld  G.  The  neuropilins  and 
their  role  in  tumorigenesis  and  tumor  progression. 
Cancer  Lett.  2006;23 1(1):  1-11. 

62.  Matsushita  A,  GotzeT,  Korc  M.  Hepatocyte  growth 
factor-mediated  cell  invasion  in  pancreatic  cancer 
cells  is  dependent  on  neuropilin-1.  Cancer  Res.  2007; 
67(21):  10309-10316. 

63.  Hu  B,  et  al.  Neuropilin-1  promotes  human  glioma 
progression  through  potentiating  the  activity  of 
the  HGF/SF  autocrine  pathway.  Oncogene.  2007; 
26(38):5577-5586. 

64.  Glinka  Y,  Prud’homme  GJ.  Neuropilin-1  is  a  recep¬ 
tor  for  transforming  growth  factor  (3-1,  activates 
its  latent  form,  promotes  regulatory  T  cell  activity. 
JLeukoc Biol.  2008;84(1):302-310. 

65.  Cao  S,  et  al.  Neuropilin-1  promotes  cirrhosis  of  the 
rodent  human  liver  by  enhancing  PDGF/TGF-|3 
signaling  in  hepatic  stellate  cells./ Clin  Invest.  2010; 


120(7):2379-2394. 

66.  Vesuna  F,  van  Diest  P,  Chen  JH,  Raman  V.  Twist  is  a 
transcriptional  repressor  of  E-cadherin  gene  expres¬ 
sion  in  breast  cancer.  Biochem  Biophys  Res  Commun. 
2008;367(2):235-241. 

67.  Yang  MH,  et  al.  Direct  regulation  of  TWIST  by 
HIF-la  promotes  metastasis.  Nat  Cell  Biol.  2008; 
10(3):295-305. 

68.  Mak  P,  et  al.  ERbeta  impedes  prostate  cancer  EMT 
by  destabilizing  HIF-la  and  inhibiting  VEGF-medi- 
ated  snail  nuclear  localization:  implications  for 
Gleason  grading.  Cancer  Cell.  2010;17(4):319-332. 

69.  Tran  DD,  Corsa  CA,  Biswas  H,  Aft  RL,  Longmore 
GD.  Temporal  and  spatial  cooperation  of  Snail  1 
and  Twist  1  during  epithelial-mesenchymal  transi¬ 
tion  predicts  for  human  breast  cancer  recurrence. 
Mol  Cancer  Res.  2011;9(12):1644-165 7. 

70.  Shiota  M,  et  al.  Castration  resistance  of  prostate 
cancer  cells  caused  by  castration-induced  oxidative 
stress  through  Twist  1  and  androgen  receptor  over¬ 
expression.  Oncogene.  2010;29(2):237-250. 

71.  Shiota  M,  et  al.  Twist  promotes  tumor  cell  growth 
through  YB-1  expression.  Cancer  Res.  2008; 
68(1):98-105. 

72.  Zhau  HE,  et  al.  Epithelial  to  mesenchymal  transition 
(EMT)  in  human  prostate  cancer:  lessons  learned 
from  ARCaP  model.  Clin  Exp  Metastasis.  2008; 
25(6):601-610. 

73.  Zeng  N,  et  al.  PTEN  controls  beta-cell  regenera¬ 
tion  in  aged  mice  by  regulating  cell  cycle  inhibitor 
pl6(ink4a.).  Aging  Cell.  2013;12(6):1000-10U. 

74.  Wu  JB,  Chen  K,  Ou  XM,  Shih  JC.  Retinoic 
acid  activates  monoamine  oxidase  B  promoter 
in  human  neuronal  cells.  /  Biol  Chem.  2009; 
284(25):  16723-16735. 

75.  Zeng  N,  et  al.  Adaptive  basal  phosphorylation  of 
eIF2alpha  is  responsible  for  resistance  to  cellular 


stress-induced  cell  death  in  Pten-null  hepatocytes. 
Mol  Cancer  Res.  2011;9(12):1708-1717. 

76.  Chen  K,  Ou  XM,  Wu  JB,  Shih  JC.  Transcription 
factor  E2F-associated  phosphoprotein  (EAPP), 
RAM2/CDCA7L/JP02  (Rl),  simian  virus  40  pro¬ 
moter  factor  1  (Spl)  cooperatively  regulate  gluco¬ 
corticoid  activation  of  monoamine  oxidase  B.  Mol 
Pharmacol.  2011;79(2):308-317. 

77.  Wu  JB,  Shih  JC.  Valproic  acid  induces  monoamine 
oxidase  A  via  Akt/forkhead  box  Ol  activation.  Mol 
Pharmacol.  2011;80(4):714-723. 

78.  Eruslanov  E,  Kusmartsev  S.  Identification  of  ROS 
using  oxidized  DCFDA  and  flow-cytometry.  Meth¬ 
ods  Mol  Biol.  2010;594:57-72. 

79.  Li  Y,  et  al.  Phosphatase  and  tensin  homolog  deleted 
on  chromosome  10  (PTEN)  signaling  regulates 
mitochondrial  biogenesis  respiration  via  estro¬ 
gen-related  receptor  a  (ERRa)./Bio/  Chem.  2013; 
288(35):25007-25024. 

80.  Graham  JM.  Isolation  of  mitochondria  from  tis¬ 
sues  and  cells  by  differential  centrifugation.  Curr 
Protoc  Cell  Biol.  2001;3:Unit  3.3. 

81. Tomayko  MM,  Reynolds  CP.  Determination  of 
subcutaneous  tumor  size  in  athymic  (nude)  mice. 
Cancer  Chemother  Pharmacol.  1989;24(3):148-154. 

82.  Fischer  AH,  Jacobson  KA,  Rose  J,  Zeller  R.  Hema¬ 
toxylin  and  eosin  staining  of  tissue  and  cell  sec¬ 
tions.  CSH  Protoc.  2008;2008:pdb.prot4986. 

83.  Wu  JB,  Chen  K,  Li  Y,  Lau  YF,  Shih  JC.  Regulation 
of  monoamine  oxidase  A  by  the  SRY  gene  on  the  Y 
chromosome.  FASEB J.  2009;23(ll):4029-4038. 

84.  Taylor  BS,  et  al.  Integrative  genomic  profiling  of 
human  prostate  cancer.  Cancer  Cell.  20 10;  18(  1):  1 1-22. 

85.  Glinsky  GV,  Glinskii  AB,  Stephenson  AJ,  Hoffman 
RM,  Gerald  WL.  Gene  expression  profiling  predicts 
clinical  outcome  of  prostate  cancer.  J  Clin  Invest. 
2004;1 13(6):913-923. 


2908 


The  Journal  of  Clinical  Investigation  http://www.jci.org 


Volume  124 


Number  7 


July  2014 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


NIH  Public  Access 

Author  Manuscript 


Published  in  final  edited  form  as: 

Biomaterials.  2014  September  ;  35(28):  8175-8185.  doi:10.1016/j.biomaterials.2014.05.073. 


Near-infrared  fluorescence  imaging  of  cancer  mediated  by  tumor 
hypoxia  and  HIFIa/OATPs  signaling  axis 

Jason  Boyang  Wua§  Chen  Shaoab§  Xiangyan  Lia,  Changhong  Shiac,  Qinlong  Lia, 

Peizhen  Hua,  Yi-Ting  Chena,  Xiaoliang  Doub,  Divya  Sahud,  Wei  Lid,  Hiroshi  Haradae,  Yi 
Zhangf,  Ruoxiang  Wang3,  Haiyen  E.  Zhaua,  and  Leland  W.K.  Chung3’* 

aUro-Oncology  Research  Program,  Department  of  Medicine,  Cedars-Sinai  Medical  Center,  Los 
Angeles,  CA  90048,  USA 

bDepartment  of  Urology,  Xijing  Hospital,  Fourth  Military  Medical  University,  Xi’an,  Shaanxi 
710032,  China 

laboratory  Animal  Center,  Fourth  Military  Medical  University,  Xi’an,  Shaanxi  710032,  China 

dDepartment  of  Dermatology,  Keck  School  of  Medicine,  University  of  Southern  California,  Los 
Angeles,  CA  90089,  USA 

department  of  Radiation  Oncology  and  Image-Applied  Therapy,  Kyoto  University  Graduate 
School  of  Medicine,  Kyoto  606-8507,  Japan 

'Biomedical  Imaging  Research  Institute,  Cedars-Sinai  Medical  Center,  Los  Angeles,  CA  90048, 
USA 

Abstract 

Near-infrared  fluorescence  (NIRF)  imaging  agents  are  promising  tools  for  noninvasive  cancer 
imaging.  Here,  we  explored  the  mechanistic  properties  of  a  specific  group  of  NIR  heptamethine 
carbocyanines  including  MHI-148  dye  we  identified  and  synthesized,  and  demonstrated  these  dyes 
to  achieve  cancer-specific  imaging  and  targeting  via  a  hypoxia-mediated  mechanism.  We  found 
that  cancer  cells  and  tumor  xenografts  exhibited  hypoxia-dependent  MHI-148  dye  uptake  in  vitro 
and  in  vivo,  which  was  directly  mediated  by  hypoxia-inducible  factor  la  (HIFla).  Microarray 
analysis  and  dye  uptake  assay  further  revealed  a  group  of  hypoxia-inducible  organic  anion¬ 
transporting  polypeptides  (OATPs)  responsible  for  dye  uptake,  and  the  correlation  between 
OATPs  and  HIFla  was  manifested  in  progressive  clinical  cancer  specimens.  Finally,  we 
demonstrated  increased  uptake  of  MHI-148  dye  in  situ  in  perfused  clinical  tumor  samples  with 
activated  HIFIa/OATPs  signaling.  Our  results  establish  these  NIRF  dyes  as  potential  tumor 
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hypoxia-dependent  cancer-targeting  agents  and  provide  a  mechanistic  rationale  for  continued 
development  of  NIRF  imaging  agents  for  improved  cancer  detection,  prognosis  and  therapy. 

Keywords 

cancer  imaging;  HIFla;  hypoxia;  near-infrared  dyes;  organic  anion-transporting  polypeptides 


1.  Introduction 

Near-infrared  fluorescence  (NIRF)  imaging  has  recently  emerged  as  a  useful  tool  for 
noninvasive  cancer  imaging  [1],  NIRF  agents  show  very  limited  autofluorescence  from 
intrinsic  chromophores,  but  upon  binding  to  biomolecules  they  display  drastically  increased 
fluorescence  due  to  rigidization  of  the  fluorophores  [2,  3],  Polymethine  carbocyanine  dyes, 
such  as  pentamethine  and  heptamethine  carbocyanines,  are  representative  NIRF  contrast 
agents  that  have  shown  great  potential  for  both  experimental  and  clinical  NIRF  imaging  [4], 
These  organic  dyes  feature  high  extinction  coefficients  and  relatively  large  Stokes’  shift,  and 
in  the  presence  of  emission  wavelengths  ranging  from  700-1,000  nm  their  fluorescence  can 
be  readily  captured  from  deep  tissues  by  commercially  available  imaging  modalities  [2,  3], 

Most  conventional  approaches  for  utilizing  NIRF  dyes  in  cancer  imaging  require  chemical 
conjugation  of  NIR  fluorophores  with  appropriate  tumor-specific  ligands,  including 
metabolic  substrates,  aptamers,  growth  factors,  and  antibodies  [5-7],  A  number  of  surface 
molecules  have  been  tested  as  targets,  including  membrane  receptors,  extracellular  matrices, 
cancer  cell  surface-specific  markers,  and  neovascular  endothelial  cell-specific  markers  [8, 

9],  These  approaches  have  created  agents  with  a  narrower  spectrum  for  cancer  imaging  since 
the  NIRF  moieties  only  detect  specific  types  of  cancer  cells  with  well-characterized  surface 
properties  [10],  Moreover,  the  specificity  and  affinity  of  targeting  ligands  could  also  be 
affected  by  chemical  conjugation  [3],  Hence,  there  is  an  unmet  need  for  developing  NIRF 
dyes  with  simpler  and  more  straightforward  use  to  advance  noninvasive  cancer  imaging, 
taking  into  account  the  heterogeneous  nature  of  cancer. 

We  previously  identified  and  synthesized  a  specific  class  of  NIRF  heptamethine 
carbocyanines  as  dual  imaging  and  cancer  targeting  agents.  Two  prototypic  heptamethine 
carbocyanine  dyes  including  MHI-148  demonstrated  promising  biological  activity  [11,  12], 
However,  how  these  dyes  achieve  cancer-specific  targeting  properties  are  largely  unclear. 
Tumor  cells,  though  display  heterogeneity  in  general,  still  share  select  common  features  for 
proliferation  and  survival  such  as  responses  to  environmental  hypoxic  stimuli  through 
certain  epigenetic  alterations.  In  this  study,  utilizing  genitourinary  cancers  as  a  model 
system,  we  investigated  the  intrinsic  features  of  these  dyes  by  linking  the  dye  uptake  with 
tumor  hypoxia  and  explored  the  possible  molecular  mechanisms  that  may  mediate  the 
preferential  uptake  of  this  class  of  NIRF  dyes  by  cancer  cells. 
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2.  Materials  and  methods 

2.1.  Cell  culture  and  reagents 

The  human  prostate  cancer  (PCa)  cell  lines  PC-3,  PC-3M  and  LNCaP,  human  breast  cancer 
cell  line  MDA-MB-231,  and  human  leukemia  cell  line  K562  were  purchased  from  American 
Type  Culture  Collection  (ATCC,  Manassas,  VA).  The  normal  prostatic  epithelial  PrEC  cells 
were  purchased  from  Lonza  (Allendale,  NJ).  The  human  PCa  cell  lines  C4-2,  ARCaPjj  and 
ARCaPpj  were  established  by  our  laboratory  [13-15],  and  the  murine  prostate  cancer  cell 
line  MPC3  was  kindly  provided  by  Dr.  Neil  Bhowmick  (Cedars-Sinai  Medical  Center,  Los 
Angeles,  CA)  [16].  For  hypoxia  treatment,  cells  were  grown  in  a  hypoxic  chamber  (1%  Cb, 
5%  CO2).  PC-3  cells  stably  overexpressing  5HREp-ODD-luc  were  established  by 
lipofectamine-mediated  transfection  of  the  construct  followed  by  2-week  G418  (500  pg/ml) 
selection  as  described  previously  [17].  PC-3  cells  overexpressing  a  constitutively  active 
HIFla  construct  were  established  by  retroviral  infection  as  described  previously  [18]. 
HIFla,  OATP1B3  and  non-targeting  control  shRNA  lentiviral  particles  used  to  establish 
stable  knockdown  cell  lines  were  purchased  from  Santa  Cruz  (Santa  Cruz,  CA).  The 
heptamethine  carbocyanine  MHI-148  dye  was  synthesized  and  purified  as  described 
previously  [11].  Cobalt  chloride,  rifampicin,  gemfibrozil  and  bromosulfophthalein  were 
purchased  from  Sigma-Aldrich  (St.  Louis,  MO).  DMOG  was  purchased  from  Millipore 
(Billerica,  MA). 

2.2.  Tumor  xenograft  studies 

Male  4-  to  6-week-old  athymic  nude  mice  were  purchased  from  Taconic  (Oxnard,  CA), 
housed  in  the  animal  research  facility  at  Cedars-Sinai  Medical  Center  (CSMC),  and  fed  a 
normal  chow  diet.  For  xenograft  studies,  1  x  106  cells  were  injected  subcutaneously  into 
nude  mice.  Each  mouse  was  injected  on  either  one  or  both  flanks,  and  at  least  five  mice  were 
used  for  each  group.  Tumors  were  dissected  4—6  weeks  after  inoculation  and  fixed  in  4% 
formaldehyde  and  embedded  in  paraffin  for  subsequent  histological  analysis. 

2.3.  Clinical  specimens 

Archival  formalin-fixed  paraffin-embedded  (FFPE)  PCa  clinical  specimens  were  obtained 
from  the  Department  of  Pathology,  Xijing  Hospital,  Fourth  Military  Medical  University 
(FMMU).  All  renal  cell  carcinoma  (RCC)  patients  enrolled  in  the  present  study  were  from 
the  Department  of  Urology,  Xijing  Hospital,  FMMU,  and  the  exclusion  criteria  included 
kidney  cysts,  renal  pelvis  carcinoma  and  other  inflammatory  diseases. 

2.4.  Analysis  of  NIRF  dye  uptake  in  cancer  cells,  tumor  xenografts  and  clinical  tumor 
specimens 

2.4.1 .  Cancer  cell  model — After  exposure  to  different  treatments,  cells  were  incubated 
with  MHI-148  dye  at  a  concentration  of  5  pM  at  37°C  for  10  min  and  washed  twice  with 
PBS  to  remove  excess  dyes.  Cells  were  fixed  in  10%  formaldehyde  and  subjected  to  analysis 
of  NIRF  dye  uptake  by  a  BD  Accuri  C6  flow  cytometer  (BD  Biosciences,  San  Jose,  CA) 
equipped  with  a  780/30  nm  filter  for  NIRF  detection,  and  the  data  was  analyzed  by  FlowJo 
software  (Tree  Star  Inc.,  Ashland,  OR). 
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2.4.2.  Tumor  xenograft  model — Mice  bearing  xenografted  tumors,  when  tumor  sizes 
reached  2-6  mm  in  diameter  assessed  by  palpation,  were  injected  intraperitoneally  with 
MHI-148  dye  at  a  dose  of  50  nmol/mouse.  Whole-body  or  organ-specific  optical  imaging 
was  taken  at  24  hour  using  an  I  VIS  Lumina  XR  imaging  system  (PerkinElmer,  W  altham, 
MA)  equipped  with  fluorescent  filter  sets  (excitation/emission,  783/840  nm)  as  described 
previously  [11,  12]. 

2.4.3.  Clinical  RCC  specimens — RCC  patients  who  were  histopathologically  confirmed 
underwent  complete  retroperitoneal  laparoscopic  nephrectomy.  Immediately  subsequent  to 
the  surgical  removal,  the  kidney  was  administered  intra-arterially  with  5000  units  of  heparin 
for  anti-coagulation,  and  then  subjected  to  perfusion  with  300  ml  saline  at  a  rate  of  20 
ml/min  at  4°C.  Next,  the  kidney  was  perfused  with  MHI-148  dye  (0.5  nmol/g)  in  500  ml 
saline  at  a  rate  of  20  ml/min  at  4°C,  and  further  infused  with  500  ml  Ringer’s  solution  to 
remove  excess  dyes.  Uptake  of  MHI-148  dye  in  the  kidney  was  determined  by  NIRF 
imaging  as  described  in  2.4.2.  RCC  and  adjacent  normal  tissues  were  further  excised  and  cut 
into  small  blocks  followed  by  NIRF  imaging  and  signal  intensity  quantification.  All 
procedures  were  performed  either  on  ice  or  at  4°C. 

2.5.  Luciferase  assay  and  bioluminescence  imaging 

PC-3  cells  that  stably  carry  5HREp-ODD-luc  after  receiving  different  treatments  were 
subjected  to  cell  lysis,  and  the  cell  lysates  were  incubated  with  D-luciferin  (Promega, 
Madison,  WI)  for  luciferase  readout  using  a  Monolight  luminometer  (BD  Biosciences)  as 
described  previously  [17].  Bioluminescence  imaging  of  either  PC-3  cells  or  tumor 
xenografts  that  carry  5HREp-ODD-luc  after  receiving  D-luciferin  (3  mg/mouse  via 
intraperitoneal  delivery)  was  performed  using  a  Xenogen  IVIS  Spectrum  imaging  system 
(PerkinElmer). 

2.6.  Immunohistochemical  (IHC)  and  double  quantum  dot  labeling  (QDL)  analysis  of  tumor 
xenograft  and  clinical  tumor  specimens 

FFPE  tissue  specimens  were  stained  with  antibodies  specific  for  HIFla  (1:30)  (Hlalpha67, 
Novus  Biologicals,  Littleton,  CO  or  54,  BD  Bioscience),  VEGF-A  (1:40)  (A-20,  Santa 
Cruz),  or  OATP1B3  (1:50,  Sigma-Aldrich  or  1:  30,  H-52,  Santa  Cruz)  by  IHC  or  double 
QDL  as  described  previously  [19]. 

2.7.  cDNA  microarray  analysis 

RNA  samples  were  prepared  from  control  and  constitutively  active  HIFla  overexpressing 
PC-3  cells  using  a  RNeasy  Mini  kit  (Qiagen,  Valencia,  CA)  and  processed  for  cDNA 
microarray  analysis.  Human  U133plus2.0  array  hybridizations  were  performed  by  the 
University  of  California,  Los  Angeles  (UCLA)  Clinical  Microarray  Core  following  the 
standard  Affymetrix  GeneChip  Expression  Analysis  protocol.  The  acquisition  of  array 
images  was  undertaken  using  the  Affymetrix  GeneChip  Command  Console  1.1  (AGCC). 
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2.8.  Biochemical  analyses 

Total  RNA  was  isolated  using  a  RNeasy  Mini  kit  and  reverse-transcribed  to  cDNA  using  M- 
MLV  reverse  transcriptase  (Promega)  as  described  previously  [17,  20].  qPCR  was 
conducted  using  SYBR  Green  PCR  Master  Mix  and  run  with  Applied  Biosystems  7500  Fast 
Real-Time  PCR  System  (Applied  Biosystems,  Carlsbad,  CA).  PCR  conditions  included  an 
initial  denaturation  step  of  3  min  at  95oC,  followed  by  40  cycles  of  PCR  consisting  of  30  s 
at  95oC,  30  s  at  60oC,  and  30  s  at  72oC.  The  PCR  data  were  analyzed  by  2AACT  method 
[21].  Details  on  primers  for  qPCR  are  provided  in  Supplemental  Table  2. 

For  immunoblotting,  cells  were  extracted  with  RIPA  buffer  in  the  presence  of  a  protease  and 
phosphatase  inhibitor  cocktail  (Thermo  Scientific,  Rockford,  IL),  and  immunoblotting  were 
performed  as  described  previously  [22,  23]  using  primary  antibodies  as  follows:  HIFla 
(1:500)  (54,  BD  Bioscience),  OATP1B3  (1:500)  (Sigma- Aldrich,  or  H-52,  Santa  Cruz),  or  [1- 
Actin  (1:2000)  (AC-15,  Sigma-Aldrich). 

2.9.  Chromatin  immunoprecipitation  (ChIP)  analysis  and  qPCR 

ChIP  assay  was  used  to  determine  the  in  vivo  association  of  HIFla  protein  with  OATP1B3 
promoter  in  PC-3  cells  treated  with  either  vehicle  or  cobalt  chloride  (200  pM,  16  h, 
dissolved  in  PBS)  by  a  SimpleChIP  Enzymatic  Chromatin  IP  Kit  (Cell  Signaling,  Danvers, 
MA).  Briefly,  chromatin  that  was  cross-linked  with  nuclear  proteins,  enzymatically  digested 
with  micrococcal  nuclease  and  sonicated  was  immunoprecipitated  with  anti-HIFla 
antibody.  After  being  pelleted  with  agarose  beads  and  purified,  immunoprecipitated 
chromatin  was  subsequently  subjected  to  qPCR  with  a  pair  of  primers  specifically  targeting 
the  OATP1B3  promoter  region  that  encompasses  a  HRE.  IgG  included  in  the  kit  was  used  as 
a  negative  control  for  IP.  A  control  primer  set  for  OATP1B3  exonl  was  used  as  a  negative 
control  for  PCR.  Primer  sequences  for  the  OATP1B3  promoter  were  forward  5’- 
A  A  A  AC  A  ATT  AGCCGGGCGTTG-3  ’  and  reverse  5’- 

CTTATCCAGA AATCTGGTATGC-3 ’ ,  and  for  OATP1B3  exonl  were  forward  5’- 
ATGTTCTTGGC AGCCCTGTC-3 ’  and  reverse  5’- 

CAATTTCAAAGCTTCCATCAATTA-3’.  Two  percent  of  chromatin  prior  to  IP  was  saved 
as  input,  and  data  were  presented  as  the  percent  of  input  from  three  independent  experiments 

2.10.  Statistical  analysis 

Data  were  presented  as  the  mean  +  SEM  from  at  least  three  independent  experiments  and 
analyzed  with  an  unpaired  Student’s  t  test.  A p  value  less  than  0.05  was  considered  as 
statistically  significant. 

2.11.  Study  approval 

All  animal  studies  received  prior  approval  by  the  IACUC  of  CSMC  and  were  conducted  in 
compliance  with  its  recommendations.  All  human  studies  were  reviewed  and  approved  by 
the  IRB  of  CSMC  and  FMMU,  and  written  informed  consent  was  provided  for  human 
samples. 
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Results 

3.1.  MHI-148,  a  NIRF  dye,  targets  tumor  hypoxia  in  vivo 

We  sought  to  determine  the  association  of  tumor  hypoxia  with  NIRF  imaging  of  cancer  cells 
and  tumor  xenografts  given  that  hypoxia  is  a  common  condition  found  in  a  wide  range  of 
cancer  cells  or  solid  tumors  [24].  At  the  cellular  level,  cancer  cells  within  the  tumors  or  as 
circulating  tumor  cells  in  contrast  to  normal  cells  can  survive  hypoxic  conditions  and  show 
increased  expression  of  hypoxia-inducible  factors  (HIFs),  such  as  HIFla  [25],  To  assess 
intratumoral  hypoxia,  we  used  a  HIFla-dependent  reporter  construct,  5HREp-ODD-luc 
[26],  in  which  5  copies  of  the  hypoxia-response  element  (HRE)  enhance  the  expression  of  a 
luciferase  (luc)  protein  fused  with  the  oxygen-dependent  degradation  (ODD)  domain  under 
hypoxia  (Fig.  IB,  top  panel),  to  monitor  the  hypoxic  status  and  HIFla  activity  in  a  real-time 
manner  in  cancer  cells  and  tumor  xenografts.  Under  normoxic  conditions,  the  ODD  domain 
of  HIFla  is  modified  by  4-prolyl  hydroxylases  (PHDs)  and  von  Hippel-Lindau  tumor 
suppressor  (VHL),  which  require  oxygen  and  subsequently  result  in  the  rapid  degradation  of 
HIFla  protein.  In  contrast,  HIFla  is  stabilized  under  hypoxia  that  destroys  PHD  activity 
due  to  the  lack  of  oxygen  [27].  Therefore,  the  expression  of  5HREp-ODD-luc,  by 
modulating  the  oxygen-sensitive  ODD-luc  fusion  protein  levels,  produces  a  marginal  leak  of 
luminescence  under  normoxia  but  increases  markedly  under  hypoxia,  reflecting  dynamic 
and  real-time  HIFla  activity  correlating  to  the  levels  of  hypoxia. 

To  validate  this  construct  in  the  present  system,  we  stably  overexpressed  5HREp-ODD-luc 
in  human  prostate  cancer  (PCa)  PC-3  cells,  which  showed  a  time -dependent  increase  of 
luminescence  signals  in  parallel  with  stabilized  HIFla  protein  under  hypoxia  (Fig.  IB, 
middle  and  bottom  panels).  These  observations  were  further  recapitulated  under  treatment 
with  either  cobalt  chloride  or  dimethyloxalyglycine  (DMOG),  both  acting  as  HIFla 
stabilizers  by  inhibiting  PHD  activity  (Fig.  SI).  Notably,  there  was  barely  detectable 
luminescence  in  cells  either  under  normoxia  or  without  the  treatment  (Fig.  IB  and  SI), 
suggesting  the  specificity  of  this  construct  for  hypoxia  or  HIFla  activation.  To  determine 
the  potential  hypoxic  effects  on  the  tumor  uptake  of  MHI-148  dye  (chemical  structure 
shown  in  Fig.  1A)  in  vivo ,  we  established  a  subcutaneous  tumor  xenograft  mouse  model 
using  51 IR Ep -  O D I) -  /wc-  c  verexpres  si  n g  PC-3  cells  and  subjected  mice  to  dual 
bioluminescence  and  fluorescence  imaging.  As  shown  in  Fig.  1C  (left  panel), 
bioluminescence  signals  were  concurrently  accumulated  centrally  with  NIRF  signals  of 
MHI-148  in  tumor  xenografts.  Slim  tumor  slices  (1-1.5  mm),  dissected  from  tumor  tissues 
immediately  after  whole -body  optical  imaging,  were  analyzed  ex  vivo,  and  superimposed 
bioluminescence  and  NIRF  images  were  also  observed  (Fig.  1C,  right  panel).  The  co¬ 
registration  of  bioluminescence  and  NIRF  signals  in  tumor  xenografts  suggested  a 
correlation  between  tumor  hypoxia  and  the  uptake  of  NIRF  dyes  by  tumors. 

3.2.  NIRF  dye  uptake  by  cancer  cells  and  tumor  xenografts  is  enhanced  by  hypoxia 

To  determine  if  hypoxia  is  responsible  for  the  preferential  uptake  of  NIRF  dyes  by  cancer 
cells,  we  examined  a  wide  spectrum  of  human  and  murine  carcinomas  including  prostate 
carcinoma  (PC-3,  PC-3M,  LNCaP,  C4-2,  ARCaP^,  ARCaPjyj  and  MPC3),  breast  carcinoma 
(MDA-MB-231),  colorectal  carcinoma  (CT26)  and  leukemia  (K562)  cell  lines  under 
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hypoxic  conditions.  After  exposure  to  hypoxia,  these  cells  were  incubated  with  MHI-148 
dye  followed  by  flow  cytometric  analysis  to  quantify  the  NIRF  intensity.  As  shown  in  Fig. 
2A,  hypoxia  increased  the  accumulation  of  MHI-148  dye  in  all  cancer  cell  lines  by  30%  to 
more  than  2  fold  relative  to  their  incubation  under  normoxic  conditions.  In  contrast,  the 
normal  prostatic  epithelial  PrEC  cells,  serving  as  a  negative  control,  did  not  show  significant 
changes  in  dye  uptake  under  hypoxia,  which  is  consistent  with  our  previous  observations 
that  normal  cells  retain  little  of  these  NIRF  dyes  [11].  We  further  showed  that  cobalt 
chloride  treatment,  a  chemical  mimicker  of  hypoxia,  induced  the  uptake  of  MHI-148  dye  in 
select  cancer  cells  lines  (PC-3,  ARCaP|.  and  MDA-MB-231)  in  a  time-dependent  manner 
(Fig.  2B). 

To  determine  whether  HIFlct  protein  directly  mediates  NIRF  dye  uptake  by  cancer  cells,  we 
stably  introduced  a  constitutively  active  FlIFla  expression  construct  (CA-HIF1  a),  which 
lacks  the  ODD  domain  and  hence  escapes  degradation  under  normoxia,  into  cancer  cells 
(PC-3,  PC-3M  and  MDA-MB-231)  by  retroviral  infection.  Successful  enforced  expression 
of  HIFla,  confirmed  by  immunoblotting,  enhanced  the  ability  of  cancer  cells  to  take  up 
MHI-148  dye  by  more  than  50%  under  normoxic  conditions  (Fig.  2C).  Conversely,  stable 
targeted  silence  of  FlIFla  gene  expression  via  lentiviral  shRNAs  in  select  cancer  cell  lines 
(PC-3,  PC-3M,  C4-2,  ARCaP|;  and  MDA-MB-231)  blunted  the  hypoxia-induced  increase  of 
dye  uptake  to  lower  levels  comparable  to  those  observed  under  normoxic  conditions  (Fig. 
2D). 

Next,  we  studied  the  hypoxic  effects  on  the  uptake  of  NIRF  dyes  in  tumor-bearing  mice. 
PC-3  cells  that  stably  overexpressed  either  CA-HIFa  construct  or  an  empty  vector  were  used 
to  establish  subcutaneous  tumor  xenografts  in  nude  mice.  Each  mouse  carried  both  control 
and  HIF la-overexpressing  tumors  with  one  on  each  flank  for  a  simultaneous  comparison  of 
the  extent  of  dye  uptake  between  the  tumors.  We  observed  that  tumor  HIFla  protein 
expression  correlated  progressively  with  tumor  growth,  concurring  with  the  observations 
from  other  groups  [28].  To  ensure  that  tumor  size  did  not  interfere  with  the  assessment  of 
tumor  uptake  of  NIRF  dyes,  tumor  NIRF  intensity  was  normalized  to  tumor  weight  at  the 
end  of  the  study.  HIFla  overexpression  enhanced  the  uptake  of  MHI-148  dye  by  PC-3 
tumor  xenograft  relative  to  control  tumor,  leading  to  a  60%  increase  of  NIRF  signals  after 
normalization  to  tumor  weight  (Fig.  3A  and  3B,  left  panel).  On  the  other  hand,  stable 
knockdown  of  HIFla  via  lentiviral  shRNAs  (shHIFla)  reduced  the  ability  of  PC-3  tumors 
to  take  up  and  retain  MHI-148  dye  by  56%  subsequent  to  normalization  of  NIRF  signals  to 
tumor  weight,  compared  with  control  tumor  that  expressed  a  scrambled  shRNA  (shCon) 

(Fig.  3A  and  3B,  right  panel).  The  accumulation  of  MHI-148  dye  was  found  specific  to 
tumors  but  not  normal  organs  including  the  liver,  lung,  spleen,  kidney,  heart,  prostate  and 
testis  by  both  in  vivo  and  ex  vivo  NIRF  imaging  modalities,  reinforcing  the  tumor-specific 
targeting  ability  of  NIRF  dyes  (Fig.  3A).  Tumor  HIFla  expression  was  confirmed  by 
immunohistochemical  (IHC)  analysis  by  probing  protein  expression  of  HIFla  and  its  target 
genes,  such  as  vascular  endothelial  growth  factor  A  (VEGF-A)  [24]  (Fig.  3C).  These  data 
collectively  suggest  that  hypoxia,  through  its  key  mediator  HIFla,  mediates  the  uptake  of 
NIRF  dyes  by  cancer  cells. 
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3.3.  Regulation  of  OATPs  by  hypoxia  and  HIFIa  in  PCa 

To  elucidate  the  effectors  downstream  of  the  hypoxia/HIF la-mediated  signals  and 
responsible  for  the  preferential  uptake  of  NIRF  dyes  by  cancer  cells,  we  conducted  cDNA 
microarray  analysis  with  control  and  HIF la-overexpressing  PC-3  cells.  Preliminary  results, 
confirmed  later  by  qPCR,  identified  a  family  of  organic  anion-transporting  polypeptide 
( OATP )  genes  induced  by  constitutive  activation  of  FlIFla  protein  (Fig.  4A).  OATPs 
represent  a  superfamily  of  solute  carrier  transporters.  Currently  there  are  1 1  known  human 
OATPs  classified  into  6  families  and  subfamilies  on  the  basis  of  their  amino  acid  sequence 
homologies.  OATPs  facilitate  the  transport  of  a  large  number  of  substrates,  including 
organic  acids,  drugs  and  hormones,  into  cells  in  a  highly  substrate-  and  pathophysiologic- 
dependent  manner  [29].  Hypoxia  induction  of  OATPs  was  further  demonstrated  in  4  human 
PCa  cell  lines  (LNCaP,  PC-3,  DU- 145  and  ARCaPe),  which  all  showed  an  increasing  trend 
of  mRNA  expression  for  most  OATPs  under  hypoxia  (Fig.  S2A,  left  panel).  VEGF-A  and 
glucose  transporter  1  ( Glutl ),  known  for  HIFIa  target  genes  [24],  were  used  as  a  positive 
control  for  validating  hypoxic  effects.  Considering  the  reported  association  of  dysregulated 
expression  of  OATPs  with  cancer  progression  [29,  30],  we  conducted  a  survey  of  the 
expression  of  all  OATPs  in  10  human  PCa  cell  lines.  Most  of  OATPs  demonstrated  higher 
mRNA  expression  in  PCa  cells  relative  to  normal  prostatic  epithelial  PrEC  cells  (Fig.  S2A, 
right  panel). 

Recent  evidence  has  indicated  the  aberrant  expression  and  genetic  variants  of  select  OATPs , 
such  as  OATP1B3  [31],  in  different  types  of  human  cancer  [30],  which  led  us  to  speculate  a 
potential  regulatory  link  between  OATPs  and  hypoxia  signals  in  human  cancer  progression. 
To  test  this  idea,  we  examined  the  protein  expression  of  HIFIa  and  OATP1B3  as  a 
representative  in  PCa  clinical  specimens  with  either  low  or  high  Gleason  grades.  We 
observed  that  the  expression  of  both  HIFIa  and  OATP1B3  proteins  were  well  correlated 
with  prostate  tumor  Gleason  grades  (Fig.  4B),  which  was  further  confirmed  by  double 
quantum  dot  labeling  (QDL)  analysis,  enabling  quantification  of  staining  intensity  of  each 
protein  at  the  single  cellular  level.  As  shown  in  Fig.  4C,  the  increased  co-expression  of 
HIFIa  and  OATP1B3  was  progressively  associated  with  higher  Gleason  grades  (left  and 
middle  panels),  and  HIFIa  protein  expression  further  showed  significant  correlation  with 
OATP1B3  expression  in  high-grade  cancer  patient  samples  (right  panel).  These  data  in 
aggregate  establish  a  molecular  correlation  between  HIFIa  and  OATP1B3  in  clinical  cancer 
settings. 

To  examine  further  the  relationship  between  HIFIa  and  OATP1B3,  we  analyzed  OATP1B3 
protein  and  mRNA  expression  in  PCa  cells  and  tumor  xenografts  subsequent  to  the  change 
of  hypoxic  or  HIFIa  protein  expression  levels.  In  response  to  hypoxic  stimuli,  both 
OATP1B3  protein  and  mRNA  expression  were  induced  in  PC-3  and  ARCaP^  cells  (Fig.  4D 
and  4E),  which  was  recapitulated  in  cancer  cells  and  tumor  xenografts  by  enforced  HIFIa 
protein  expression  (Fig.  S2B,  S2C  and  S2D,  left  panel).  Conversely,  stable  knockdown  of 
HIFIa  protein  expression  reduced  OATP1B3  protein  and  mRNA  expression  (Fig.  S2B,  S2C 
and  S2D,  right  panel).  To  investigate  whether  HIFIa  directly  regulates  OATP1B3  gene,  we 
attempted  to  identify  a  functional  HRE  in  the  OATP1B3  promoter.  Sequence  analysis  of  a  2- 
kb  DNA  segment  located  upstream  of  the  transcription  initiation  site  of  OATP1B3  gene 
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revealed  a  region  (-926/-923)  that  exhibits  strong  sequence  identity  to  a  canonical  HRE  [32] 
(Fig.  4F).  By  conducting  chromatin  immunoprecipitation  assay  coupled  with  qPCR  analysis, 
we  were  able  to  detect  the  physical  interaction  of  HIFlci  protein  with  the  OATP1B3 
promoter  region  that  harbors  a  HRE  in  cobalt  chloride-treated  cells,  whereas  this  association 
was  absent  in  control  cells  (Fig.  4G).  These  results  provide  evidence  that  hypoxia  mediates 
OATP1B3  gene  activation  by  facilitating  the  cis-trans  interactions  between  a  specific  HRE 
in  the  OATP1B3  promoter  and  HIFla  protein. 

3.4.  OATP1B3  mediated  NIRF  dye  uptake  by  cancer  cells  and  tumor  xenografts 

To  investigate  whether  OATP1B3  directly  mediates  the  uptake  of  NIRF  dyes  in  cancer  cells, 
we  used  PC-3  and  ARCaPg  cells,  which  were  stably  infected  with  either  OATP1B3- targeting 
shRNAs  (shOATPlB3)  or  a  scrambled  shRNA  (shCon).  Stable  knockdown  of  OATP1B3 
protein  expression  resulted  in  a  30%  decrease  in  MHI-148  dye  uptake  by  cancer  cells  under 
normoxia  (Fig.  5A),  indicating  that  OATP1B3  can  mediate  the  transport  of  NIRF  dyes  into 
cancer  cells  in  a  hypoxia-independent  manner.  Moreover,  pharmacological  interference  with 
OATP1B3  activity  in  cancer  cells  by  pre-treatment  with  different  inhibitors  compromised 
the  hypoxia-induced  uptake  of  MHI-148  dye  by  up  to  65%  and  31%  in  PC-3  and  ARCaPg 
cells,  respectively  (Fig.  5B).  To  determine  the  OATP1B3  effect  on  NIRF  dye  uptake  by 
xenograft  tumors,  nude  mice  were  inoculated  subcutaneously  with  PC-3  or  ARCaPg  cells 
(shCon  vs.  shOATPlB3).  We  observed  parallel  growth  of  control  and  OATP1B3- 
knockdown  tumors,  suggesting  that  OATP1B3  did  not  affect  cell  proliferation  even  though 
its  expression  correlated  with  clinical  cancer  progression.  Importantly,  knockdown  of 
OATP1B3  protein  expression,  confirmed  by  IHC  analysis  (Fig.  5C),  significantly  reduced 
MHI-148  dye  intensity  after  normalization  to  tumor  weight  in  both  PC-3  and  ARCaPg  tumor 
xenografts,  by  40%  and  15%  respectively  (Fig.  5D  and  5E).  These  results  suggest  that 
OATP1B3  directly  mediates  NIRF  dye  uptake  and  retention  in  tumors,  which  can  be 
independent  of  hypoxia  signaling. 

3.5.  Assessment  of  NIRF  dye  uptake  and  HIFIa/OATP  signaling  axis  in  clinical  renal  cell 
carcinoma  (RCC)  samples 

A  critical  issue  that  arises  from  the  experimental  studies  is  whether  the  HIFla/OATPs 
signaling  axis  participates  in  the  clinical  tumor  imaging  by  NIRF  dyes.  To  address  this  issue, 
we  applied  MHI-148  dye  to  detect  clear  cell  RCC  (CCRCC)  in  three  complete  nephrectomy 
specimens  confirmed  by  imaging  (CT  and  2D/3D  phase-contrast  MRI)  and  histopathological 
(H&E  stain)  methods  (Fig.  S3  and  Table  SI).  CCRCC,  accounting  for  approximately  75% 
of  all  RCCs,  is  frequently  characterized  by  the  inactivation  of  the  VHL  tumor  suppressor 
gene,  which  subsequently  contributes  to  the  stabilization  of  HIFla  and  induction  of  hypoxia 
signaling  [33].  In  the  present  study,  RCC  patients  underwent  the  surgical  removal  of  the 
entire  kidney,  which  was  perfused  immediately  with  MHI-148  dye  in  saline  and 
subsequently  subjected  to  ex  vivo  NIRF  imaging.  NIRF  was  detected  specifically  in  the 
tumor  regions  referring  to  the  diagnostic  images  in  sharp  contrast  to  the  normal  counterpart 
(Fig.  6A).  With  a  further  quantification  analysis  of  small  blocks  of  RCC  versus  normal 
tissues  from  three  nephrectomy  samples  by  normalizing  NIRF  intensity  to  tissue  weight,  we 
found  up  to  6-fold  increase  of  MHI-148  dye  uptake  in  tumor  relative  to  normal  tissues  (Fig. 
6B  and  6C).  To  confirm  the  co-activation  of  HIFla  and  OATPs  in  clinical  RCC  samples,  we 
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conducted  IHC  analysis  and  demonstrated  intense  widespread  nuclear  HIFla  and 
cytoplasmic  OATP1B3  expression  in  RCC  samples  but  absent  in  adjacent  normal  tissues 
(Fig.  6D).  These  clinical  observations  reinforce  the  regulatory  roles  of  HIFlct/OATPs 
signaling  axis  in  mediating  tumor  uptake  of  NIRF  dyes. 

4.  Discussion 

In  this  study,  we  demonstrated  the  use  of  a  specific  group  of  NIRF  heptamethine 
carbocyanines,  identified  originally  to  enable  tumor-specific  imaging  and  targeting,  for 
assessing  tumor  hypoxia  (Fig.  1).  We  also  provided  mechanistic  insights  into  the  preferential 
uptake  of  these  NIRF  dyes  by  cancer  cells  using  genitourinary  cancers  as  a  representative 
model  system.  The  mechanisms  primarily  involve  the  activation  of  hypoxia  signaling 
through  a  key  transcription  factor,  PIIFla,  which  is  frequently  observed  in  a  variety  of  types 
of  cancers  and  often  associated  with  a  poor  prognosis  and  rapid  disease  progression 
expressing  aggressive  phenotypes  [24].  Currently,  few  biomarkers  to  reliably  detect  and 
predict  tumor  hypoxia  are  available  for  clinical  use,  and  therefore  extending  the  application 
of  these  NIRF  dyes  for  assessing  tumor  hypoxia  and  predicting  hypoxia-regulated  disease 
prognosis  in  cancer  patients  merits  further  exploration. 

In  a  subsequent  analysis  of  our  imaging  results,  we  compared  in  parallel  MHI-148  with 
indocyanine  green  (ICG),  the  only  NIRF  agent  approved  by  the  Food  and  Drug 
Administration  in  the  United  States  for  clinical  application.  ICG  functions  in  vivo  primarily 
through  binding  to  plasma  proteins  and  enables  tumor  diagnosis  by  NIRF  lymphatic  imaging 
[34,  35],  but  there  is  little  evidence  showing  its  direct  association  with  tumor  hypoxia. 
Regarding  the  tumor-to-background  ratio  of  NIRF  signals  at  24  hours  for  tumor  detection  in 
mice,  ICG  has  a  ratio  of  1.4— 1.7  [36],  whereas  MF1I-148  shows  a  median  of  9.1,  which  can 
be  further  exacerbated  by  2  fold  in  the  presence  of  HIFla  protein  overexpression, 
suggesting  that  tumor  hypoxia  is  an  important  mechanism  for  facilitating  tumor  detection  by 
NIRF  imaging.  In  addition,  another  mechanism  that  may  contribute  to  the  preferential 
accumulation  of  contrast  agents  in  tumors  is  the  disorganized  tumor  vasculature  that  can 
coincidentally  result  from  tumor  hypoxia  [37,  38],  which  is  able  to  activate  the  expression  of 
VEGF  to  further  increase  vascular  disorganization  [24].  This  scenario  supports  our 
mechanistic  findings  and  also  provides  a  rationale  for  elucidating  the  advantages  of  our  dyes 
over  other  NIRF  agents  for  cancer  imaging. 

We  find  that  a  group  of  OATP  genes  induced  by  hypoxia  participate  in  mediating  the  uptake 
of  NIRF  dyes  in  cancer  cells,  which  can  be  either  dependent  or  independent  from  hypoxia 
signaling.  OATPs  function  in  the  uptake  of  amphipathic  compounds,  including  drugs, 
hormones,  and  other  xenobiotics  that  cannot  freely  diffuse  through  cellular  membranes,  and 
can  be  either  tissue-specific  or  expressed  ubiquitously  [29].  Recent  studies  have  implicated 
altered  OATP  expressions  and  variants  in  many  different  types  of  cancers  [30],  including 
OATP1B3  that  can  serve  as  a  testosterone  transporter  in  PCa  [39].  Our  study  showed  the 
correlation  of  OATP1B3  expression  with  HIFla  expression  as  well  as  PCa  progression, 
providing  a  rationale  for  its  role  in  mediating  the  uptake  of  NIRF  dyes  by  cancer  cells  (Fig. 

4  and  Fig.  5).  An  important  finding  of  our  study  is  that  HIFla  directly  upregulates  OATPs, 
which  is  supported  by  the  co-expression  of  these  two  proteins  in  clinical  prostate  and  renal 


Biomaterials.  Author  manuscript;  available  in  PMC  2015  September  01. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Wu  et  al. 


Page  1 1 


cancer  samples  (Fig.  4  and  Fig.  6).  Under  hypoxic  conditions,  active  nuclear  HIFlct  protein 
interacts  with  a  HRE  in  the  O  ATP  IB  3  promoter,  resulting  in  the  increased  transcription  of 
OATP1B3  (Fig.  4).  HIFla  is  destabilized  under  normoxia  due  to  the  rapid  degradation 
initiated  by  the  PHD/VHL  pathway  [27],  which  is  likely  a  mechanism  responsible  for  the 
relatively  low  levels  of  OATPs  in  normal  tissues  (Supplemental  Fig.  2).  Hence,  inactivation 
of  HIFla/OATPs  signaling  in  normal  cells  and  tissues  blunts  their  sensitivity  to  recruit 
NIRF  dyes;  conversely,  NIRF  dyes  acquire  the  ability  to  target  hypoxic  cancer  cells. 
Although  we  used  PCa  as  the  major  model  system  in  the  present  study,  these  mechanistic 
findings  could  be  extended  to  other  types  of  cancers  by  determining  the  potential  concerted 
effects  exerted  by  HIFla  along  with  other  OATPs  on  the  uptake  of  NIRF  dyes  in  future 
studies.  In  addition,  the  mechanisms  by  which  NIRF  dyes  are  specifically  taken  up  by 
cancer  cells  may  extend  beyond  the  present  study,  and  further  investigation  is  warranted  to 
explore  other  properties  of  NIRF  dyes  for  targeting  cancer  cells,  such  as  their  long-lasting 
retention  and  preferential  organelle-specific  cellular  localization  in  cancer  cells. 

It  has  been  shown  that  NIRF  heptamethine  carbocyanines  enter  cells  and  form  complexes 
with  nucleic  acids  [40,  41]  or  proteins  [42,  43]  through  non-covalent  interactions,  which 
might  be  potentially  modulated  by  hypoxia  either  in  the  tumor  cells  or  the 
microenvironment.  Further  investigation  would  advance  our  understanding  of  this  process. 
To  delineate  the  functional  groups  associated  with  dye  uptake  by  cancer  cells,  the  structure- 
activity  properties  of  these  dyes  were  closely  examined.  The  bridging  atoms  between  the 
two  aromatic  heterocycles  serve  as  a  part  of  rigid  cyclic  ring  which  allows  conformational 
stability  and  enhanced  excitations/emission  properties.  The  nitrogen  atom  in  heterocyclic 
rings  is  amenable  for  modification  to  a  variety  of  functional  groups  including  negatively- 
charged  carboxylic  acid,  sulfonic  acid  as  well  as  uncharged  alcohol,  amine  and  ester,  which 
can  be  used  for  manipulating  physical  properties  of  NIRF  dyes  such  as  water  solubility  and 
conjugation  with  other  molecular  entities  [44,  45].  We  found  that  the  charged  dyes  were 
well  retained  in  cancer  cells  with  intact  imaging  capability  by  observing  fluorescence 
signals,  while  the  uncharged  dyes  were  shown  to  be  inactive  with  poor  retention  in  cells. 
Further  chemical  modifications  of  the  functionally  charged  moieties  via  covalent 
conjugation  with  either  ligands  for  radiolabeling  or  drugs  showed  minimal  effects  on  their 
cancer-specific  propensity  [46,  47]  and  anti-cancer  activity  [45,  48]  in  tumor  xenografts  in 
mice.  Moreover,  structural  modifications  of  the  two  heteroaromatic  rings  or  the  central  meso 
position  of  the  cyclohexyl  ring  seemed  to  retain  the  activity  of  NIRF  dyes  as  well.  In 
addition  to  the  direct  chemical  modifications,  the  mechanistic  insights  provided  in  the 
present  study  may  also  shed  light  on  the  dye  activity.  Specifically,  the  potential  effect  of 
hypoxia  on  the  net  charge  of  dye  molecules  by  regulating  either  intracellular  or  extracellular 
pH  conditions  may  need  to  be  taken  into  account  for  future  improvements  in  the  design  of 
NIRF  imaging  dyes  [49,  50].  Following  these  observations,  we  anticipate  that  chemical 
modifications  of  this  attractive  class  of  NIRF  imaging  agents  will  produce  a  wide  variety  of 
cancer  imaging  and  targeting  agents  in  the  near  future. 

5.  Conclusions 

In  this  study,  we  elucidated  the  molecular  mechanisms  underlying  the  uptake  of  a  specific 
class  of  NIRF  dyes  by  cancer  cells  through  hypoxia  and  activation  of  a  HIFla/OATPs 
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signaling  axis,  which  provides  a  mechanistic  rationale  for  targeting  tumor  hypoxia  and 
cancer  cells  with  these  NIRF  dyes.  These  findings  also  have  great  significance  for  the  future 
development  and  application  of  NIRF  agents  in  the  clinic  for  better  cancer  detection, 
prognosis  and  therapy. 
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Fig.  1. 

MHI-148,  a  NIRF  dye,  assessed  tumor  hypoxia.  (A)  Chemical  structure  of  NIR 
heptamethine  carbocyanine  MHI-148  dye.  (B)  Generation  and  validation  of  human  PCa 
PC-3  cells  that  stably  expressed  the  5HRE-pODD-Luc  construct  (top).  Stable  cells  were 
treated  with  hypoxia  (1%  O2)  for  different  times  as  indicated  and  then  subjected  to  either 
luminescence  imaging  (middle)  or  immunoblotting  of  HlFlci  protein  expression  (bottom). 
(C)  In  vivo  and  ex  vivo  images  of  PC-3  tumor  xenografts  that  expressed  5HRE-pODD-Luc 
construct  by  both  bioluminescence  (top)  and  NIRF  (bottom)  imaging,  which  showed 
superimposed  signal  distribution.  Scale  bars  represent  xlO5  and  xlO9  for  in  vivo 
bioluminescence  and  NIRF,  respectively;  xlO4  and  xlO9  for  ex  vivo  bioluminescence  and 
NIRF,  respectively,  in  the  unit  of  radiant  efficiency. 
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Fig.  2. 

Hypoxia  and  HIFIa  mediated  the  uptake  of  MHI-148  dye  by  cancer  cells.  (A) 

Determination  of  MHI-148  dye  uptake  in  multiple  cancer  cell  lines  under  either  normoxic  or 
hypoxic  (1%  O2,  4  hr)  conditions  (N=3,  mean  +  SEM).  Normal  human  prostatic  epithelial 
PrEC  cells  were  used  as  a  negative  control.  Dye  uptake  by  cells  under  normoxia  was  set  as 
100%.  (B)  Determination  of  MHI-148  dye  uptake  in  select  cancer  cell  lines  under  C0CI2 
(200  pM)  treatment  for  different  time  periods  as  indicated  (N=3,  mean  +  SEM).  The  CoCH 
effect  in  PC-3  cells  as  a  representative  was  examined  by  immunoblotting  HIFIa  protein 
expression.  (C,  D)  Determination  of  MHI-148  dye  uptake  in  cancer  cells  either 
overexpressing  constitutively  active  HIFIa  (C)  or  with  stable  knockdown  of  HIFIa  (D) 
(N=3,  mean  +  SEM).  The  efficacy  of  overexpression  or  knockdown  of  HIFIa  in  PC-3  cells 
as  a  representative  was  examined  by  immunoblotting  HIFIa  protein  expression.  *£><0.05, 
**£?<0.01. 
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Fig.  3. 

Hypoxia  and  HIFIa  mediated  the  uptake  of  MHI-148  dye  by  tumor  xenografts.  (A) 
Representative  in  vivo  and  ex  vivo  NIRF  images  of  control  (left  flank)  vs.  HIF la- 
overexpressing  (right  flank)  (left  panel)  and  control  (left  flank)  vs.  HIFIct-knockdown  (right 
flank)  (right  panel)  PC-3  tumor  xenografts.  Scale  bars  represent  xlO8  for  both  in  vivo  and  ex 
vivo  NIRF  in  the  unit  of  radiant  efficiency.  (B)  Quantitation  of  tumor  uptake  of  MHI-148 
dye  (N=5,  mean  +  SEM)  presented  as  the  ratio  of  dye  intensity  to  tumor  weight.  *p< 0.05, 
**p<0.01.  (C)  IHC  analysis  of  HIFIa  and  VEGF-A  expression  in  PC-3  tumor  xenografts 
with  different  manipulation  of  HIFIa  levels  as  indicated.  Representative  images  are  shown. 
Original  magnification,  x400;  scale  bars  represent  20  pm. 
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Fig.  4. 

Co-expression  and  regulation  of  HIFla  and  OATPs  in  human  PCa.  (A)  Heat  map  depicting 
OATPs  mRNA  expression  profiling  in  constitutively  active  HIFla-overexpressing  PC-3 
cells  by  qPCR.  (B,  C)  1HC  (B)  and  double  QDL  (C,  left  panel)  staining  of  HIFla  and 
OATP1B3  expression  in  clinical  specimens  of  normal  prostatic  epithelium,  Gleason  grade  3 
and  5  PCa  (N=15  for  each).  Representative  images  are  shown.  Original  magnification,  x400; 
scale  bars  represent  20  pm.  Cell-based  average  intensity  counts  of  HIFla  and  OATP1B3 
stain  from  1,000  each  of  normal,  grade  3  and  5  samples  were  quantified  using  in  Form 
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software  (C,  middle  panel).  Intensity  of  HIFla  and  OATP1B3  co-expression  in  100  single 
cells  from  a  representative  high-grade  individual  patient  was  analyzed  for  gene  expression 
correlation  (C,  right  panel).  (D,  E)  Determination  of  OATP1B3  protein  (D)  and  mRNA  (E) 
expression  in  PC-3  and  ARCaPg  cells  in  response  to  hypoxia  (1%  Oo)  for  24  hrs  and  4  hrs, 
respectively.  (F)  Sequences  of  the  canonical  HRE  (top  sequence)  and  a  potential  HRE  in 
OATP1B3  promoter  (bottom  sequence).  (G)  Chromatin  from  either  vehicle-  or  CoCG- 
treated  (200  pM,  16  hr)  PC-3  cells  was  immunoprecipitated  using  anti-HIFla  or  IgG 
antibodies  followed  by  qPCR  using  1  primer  set  for  the  HRE  in  OATP1B3  promoter  and  1 
control  primer  set  for  0ATP1B3  exonl.  Data  represent  the  mean  +  SEM  of  three  separate 
experiments.  */?<0.05,  **/?<(). 01 . 
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Fig.  5. 

OATP1B3  mediated  the  uptake  of  MHI-148  dye  by  cancer  cells  and  tumor  xenografts.  (A) 
Determination  of  MHI-148  dye  uptake  in  PC-3  and  ARCaPg  cells  with  stable  knockdown  of 
OATP1B3  (N=3,  mean  +  SEM).  (B)  Determination  of  MHI-148  dye  uptake  in  PC-3  (left 
panel)  and  ARCaPg  (right  panel)  cells  pre-treated  with  different  OATP1B3  selective 
inhibitors  as  indicated  for  1  hr  followed  by  hypoxia  treatment  (1%  O2,  4  hr).  Data  was 
presented  as  fold  change  of  MHI-148  dye  uptake  with  hypoxia  (N=3,  mean  +  SEM).  (C) 

IHC  analysis  of  OATP1B3  expression  in  control  and  OATPlB3-knockdown  PC-3  tumor 
xenograft.  Original  magnification,  x400;  scale  bars  represent  20  pm.  (D)  Representative  in 
vivo  NIRF  images  of  control  (left  flank)/OATPlB3-knockdown  (right  flank)  PC-3  (left 
panel)  and  ARCaPg  (right  panel)  tumor  xenografts.  Scale  bars  represent  xlO9  for  in  vivo 
NIRF  imaging  of  both  PC-3  and  ARCaPg  tumor  xenografts  in  the  unit  of  radiant  efficiency. 
(E)  Quantitation  of  MHI-148  dye  uptake  in  tumor  xenografts  (N=5,  mean  +  SEM), 
presented  as  the  ratio  of  dye  intensity  to  tumor  weight.  *p< 0.05,  **£><0.01. 
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ra 


NIRF  imaging  of  clinical  RCC  samples.  (A,  B)  Representative  NIRF  images  of  excised 
kidney  by  complete  nephrectomy  (A)  as  well  as  small  cuts  of  normal  (B,  top)  and  RCC 
tissues  (B,  bottom)  from  an  individual  patient.  Scale  bars  represent  xlO9  and  xlO8  for  (A) 
and  (B),  respectively,  in  the  unit  of  radiant  efficiency.  (C)  Quantitation  of  MFII-148  dye 
uptake  in  normal  and  tumor  tissues  from  three  RCC  patients,  presented  as  the  ratio  of  dye 
intensity  to  tissue  weight  from  five  cuts  of  tissues  of  each  patient  (mean  +  SEM).  (D)  H&E 
stain  and  1HC  analysis  of  HIFla  and  OATP1B3  expression  in  normal  and  RCC  samples. 
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Representative  images  are  shown.  Original  magnification,  x200  (H&E)  and  x400  (IHC); 
scale  bars  represent  20  pm.  *p<0.05. 
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ABSTRACT:  Development  of  anti-cancer  agents  with  high 
tumor-targeting  specificity  and  efficacy  is  critical  for  modern 
multidisciplinary  cancer  research.  Monoamine  oxidase  A 
(MAOA),  a  mitochondria-bound  enzyme,  degrades  mono¬ 
amine  neurotransmitters  and  dietary  monoamines.  Recent 
evidence  suggests  a  correlation  between  increased  MAOA 
expression  and  prostate  cancer  (PCa)  progression  with  poor 
outcomes  for  patients.  MAOA  induces  epithelial— mesenchy¬ 
mal  transition  (EMT)  and  augments  hypoxic  effects  by 
producing  excess  reactive  oxygen  species.  Thus,  development 
of  MAOA  inhibitors  which  selectively  target  tumors  becomes 
an  important  goal  in  cancer  pharmacology.  Here  we  describe  the  design,  synthesis,  and  in  vitro  and  in  vivo  evaluation  of  NMI,  a 
conjugate  that  combines  a  near-infrared  dye  for  tumor  targeting  with  the  moiety  derived  from  the  MAOA  inhibitor  clorgyline. 
NMI  inhibits  MAOA  with  low  micromolar  IC50,  suppresses  PCa  cell  proliferation  and  colony  formation,  and  reduces  migration 
and  invasion.  In  mouse  PCa  xenografts,  NMI  targets  tumors  with  no  detectable  accumulation  in  normal  tissues,  providing 
effective  reduction  of  the  tumor  burden.  Analysis  of  tumor  specimens  shows  reduction  in  Ki-67+  and  CD31+  cells,  suggesting  a 
decrease  of  cell  proliferation  and  angiogenesis  and  an  increase  in  M30+  cells,  indicating  increased  apoptosis.  Gene  expression 
profiles  of  tumors  treated  with  NMI  demonstrate  reduced  expression  of  oncogenes  FOS,  JUN,  NFKB,  and  MYC  and  cell  cycle 
regulators  CCND1,  CCNE1,  and  CDK4/6,  along  with  increases  in  the  levels  of  tumor  suppressor  gene  TPS3,  cell  cycle  inhibitors 
CDKN1A  and  CDKN2A,  and  MAOA-downstream  genes  that  promote  EMT,  tumor  hypoxia,  cancer  cell  migration,  and  invasion. 
These  data  suggest  that  NMI  exerts  its  effect  through  tumor-targeted  delivery  of  a  MAOA-inactivating  group,  making  NMI  a 
valuable  anti-tumor  agent. 


■  INTRODUCTION 

The  search  for  new  targets  and  development  of  anti-cancer 
agents  with  high  tumor-targeting  specificity  and  efficacy  are 
critical  goals  underpinning  the  urgent,  unmet  need  for  more 
effective,  mechanism-based  cancer  therapies.  Monoamine 
oxidase  A  (MAOA)  is  a  mitochondria-bound  enzyme  which 
catalyzes  the  degradation  of  monoamine  neurotransmitters  and 
dietary  amines  by  oxidative  deamination.1’”  This  process  is 
accompanied  by  production  of  hydrogen  peroxide,  a  major 
source  of  reactive  oxygen  species  (ROS),  which  can  predispose 
cancer  cells  to  DNA  damage  and  can  be  a  main  cause  of  tumor 
initiation  and  progression.3’4  Recent  studies  performed  by  us5 
and  others6  have  shown  that  increased  MAOA  levels  are 
associated  with  prostate  cancer  (PCa)  progression  and  poor 
prognosis  for  patients,  and  pharmacological  inhibition  of 
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MAOA  reduces  the  growth  of  PCa  cells  in  vitro  and  tumor 
xenografts  in  vivo.5,7'8  PCa  is  the  second  most  common  cause  of 
death  from  cancer  in  American  men  of  all  ages.  Despite  its 
widespread  occurrence,  current  treatments  that  include 
hormonal  therapy,  radiation  therapy,  and  surgery  are 
beneficial  only  for  patients  in  the  early  stages  of  the  disease  and 
result  in  undesired  side  effects.  These  treatments  have  limited 
effectiveness  for  patients  with  advanced  stages  of  castration- 
resistant  and  metastatic  PCa.  The  urgent,  unmet  need  for  novel, 
effective  mechanism-based  therapies  with  reduced  side  effects 
has  prompted  a  search  for  both  novel  targets  in  PCa  and  their 
pharmacological  inhibitors. 
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Figure  1.  Structure  and  in  vitro  characterization  of  NMI.  (A)  Chemical  structure  of  NMI.  (B)  Confocal  images  of  a  single  LNCaP  cell  incubated  with 
NMI.  DAPI  and  MitoTracker  agent  were  used  to  stain  the  nucleus  and  mitochondria  of  cells,  respectively.  Scale  bar,  10  fA m.  (C)  Inhibition  of 
MAOA  activity  was  determined  in  C4-2B  cells  (see  Experimental  Section).  Clorgyline  (Clg)  or  NMI  was  pre-incubated  at  37  °C  for  20  min  at 
indicated  doses,  and  IC50  values  were  determined.  The  assay  was  performed  in  triplicate. 


Scheme  1.  Synthesis  of  NIR  Dye— MAOA  Inhibitor  Conjugate  NMI 


We  found  that  overexpression  of  MAOA  in  human  PCa  cell 
lines  results  in  a  loss  of  cell  polarity,  cell— cell  adhesion,  and 
gain  of  migratory  and  invasive  properties,  indicating  that 
MAOA  induces  epithelial— mesenchymal  transition  (EMT).5 
Moreover,  MAOA-dependent  activation  of  oncogenic  pathways 
was  consistently  detected  in  high-grade  PCa  specimens,  and 
knockdown  of  MAOA  reduced  or  even  eliminated  prostate 
tumor  growth  and  metastasis  in  a  variety  of  PCa  xenograft 
mouse  models.  By  conducting  site-directed  mutagenesis,  we 
found  that  MAOA  catalytic  activity  is  the  major  reason  for 


enhancing  growth  and  metastasis  of  PCa.5  MAOA  produces 
hydrogen  peroxide  as  a  byproduct  of  oxidative  deamination 
reactions  taking  place  in  the  outer  membrane  of  mitochondria. 
Hydrogen  peroxide  and  products  of  its  conversion  as  other 
forms  of  ROS  stabilize  hypoxia-inducible  factor  1  a 
(HIFla). 13-15  HIFla  increases  tumor  angiogenesis  and 
survival  responses  as  well  as  invasion  and  metastasis  through 
the  overexpression  of  hypoxia-inducible  genes.16'17  These 
results  are  fully  consistent  with  the  clinical  data,  where  elevated 
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Figure  2.  NMI  inhibits  PCa  cell  proliferation  and  colony  formation.  (A)  Effect  of  clorgyline  (Clg)  and  NMI  on  cell  viability  in  LNCaP,  C4-2B,  and 
MAOA-overexpressing  PC-3  cells  as  measured  by  an  MTS  assay.  (B)  Cell  number  counting  assay  with  LNCaP,  C4-2B,  and  MAOA-overexpressing 
PC-3  cells  treated  with  Clg  or  NMI  (l  //M)  for  12  days.  Compound-added  medium  was  replenished  every  3  days;  PBS  was  used  as  the  vehicle.  *p  < 
0.05,  **p  <  0.01.  (C)  Colony  formation  assays  in  either  LNCaP  cells  treated  with  Clg  or  NMI  (l  //M,  left  panel)  or  LNCaP  cells  targeted  by  either  a 
scrambled  shRNA  (shCon)  or  a  MAOA-targeting  shRNA  (shMAOA).  Representative  colonies  are  shown.  Original  magnification,  X100;  scale  bar, 
50  pm.  *p  <  0.05,  **p  <  0.01. 


MAOA  expression  in  PCa  tissues  is  correlated  with  poor 
prognosis  for  PCa  patients.5,6 

In  keeping  with  these  observations,  we  investigated  MAOA 
as  a  potential  novel  pharmacological  target  for  the  treatment  of 
human  PCa.  MAOA  inhibitors,  many  of  which  are  currently  on 
the  market  as  anti-depressants,1  target  central  nervous  system 
and  other  peripheral  tissues  where  MAOA  is  present.  This 
reduces  the  effective  systemic  concentration  of  MAOA 
inhibitors,  limiting  their  delivery  into  the  tumor  where  they 
could  be  most  effective.  To  circumvent  these  problems,  we 
designed  a  novel  tumor-targeted  MAOA  inhibitor  that  would 
preferentially  accumulate  in  the  cancerous  lesions.  This 
inhibitor  contains  a  tumor-targeting  near-infrared  (NIR)  dye 
and  a  moiety  of  a  MAOA  inhibitor.  We  reasoned  that  including 
an  NIR  imaging  functionality  could  be  useful  for  measuring 
uptake  and  cellular  localization  of  the  conjugate  and  possibly 
for  future  image-guided  diagnosis  and  drug  delivery.  We  chose 
the  small  molecule  clorgyline  as  a  MAOA-targeting  function¬ 
ality  because  of  the  high  affinity  and  selectivity  of  this 
compound  toward  MAOA.  The  availability  of  a  high-resolution 
crystal  structure  of  a  clorgyline— MAOA  complex18  facilitated 
our  design.  For  tumor  targeting  and  NIR  imaging,  we  chose  a 
recently  developed  class  of  nontoxic,  fluorescent  heptamethine 


carbocyanine  dyes  with  NIR  emission  maxima.19-21  The  high 
selectivity  in  targeting  of  these  dyes  to  tumors,  mediated  by 
tumor  hypoxia  and  organic  anion-transporting  polypeptides 
(OATPs),-  has  been  demonstrated  for  many  types  of  cancers, 
including  human  PCa.23  Here  we  report  the  first  study  on  PCa 
targeting  and  inhibition  of  xenograft  growth  in  mice  with  a 
designed  dual-function  NIR  dye— MAOA  inhibitor  conjugate 
(Figure  1A),  abbreviated  as  NMI. 

■  RESULTS 

Design  and  Synthesis  of  NMI.  NMI  was  synthesized  in  a 
sequence  of  steps  outlined  in  Scheme  1.  The  synthesis  started 
with  commercially  available  3-bromopropylamine  hydro¬ 
bromide  (l).  This  compound  was  converted  into  fert-butyl 
(3-bromopropyl)carbamate  (2),  which  was  used  in  the 
subsequent  step  to  alkylate  the  commercially  available  2,4- 
dichlorophenol,  giving  an  intermediate,  4.  Deprotonation  of  the 
amide  in  4  was  carried  out  with  sodium  hydride,  followed  by 
alkylation  with  propargyl  bromide  5,  producing  Boc-protected 
alkyne  6.  The  protecting  group  was  removed  under  acidic 
conditions  using  trifluoroacetic  acid  (TFA)  in  dichloromethane 
(DCM).  The  product  7  was  alkylated  with  l-bromo-3- 
thioacetylpropane  (8),  resulting  in  the  formation  of  compound 
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9.  Removal  of  the  acetyl  protective  group  in  9  was  carried  out 
in  methanolic  HC1,  affording  an  intermediate,  10.  This 
intermediate  was  then  coupled  to  MHI-148  dye  11  using  T 
ethyl-3-(3-dimethylaminopropyl)carbodiimide  (EDCI)  and  4- 
(dimethylamino)pyridine  (4-DMAP)  to  give  the  product  NMI 
in  good  yield  (Scheme  l).  The  compound  was  purified  by 
preparative  thin-layer  chromatography  (TLC),  and  its  identity 
and  purity  were  confirmed  by  NMR  and  mass  spectrometry. 

NMI  Localizes  in  PCa  Cells  and  Inhibits  MAOA.  Recent 
reports  suggested  that  the  NIR  hepatamethine  carbocyanine 
dyes  IR-783  and  MHI-148  can  be  retained  in  cancer  cells  but 
not  normal  cells,  in  tumor  xenografts,  and  in  spontaneous 
tumors  in  transgenic  mice.23  The  two  dyes  have  strong 
emission  maxima  at  820—860  nm  upon  excitation  at  750—780 
nm,  which  can  be  easily  detected  by  NIR  imaging.  MAOA 
inhibitor— monomethine  carbocyanine  conjugates  have  fluo¬ 
rescence  properties  similar  to  those  of  the  NIR  dye  MHI-148 
itself.  Therefore,  a  laser-scanning  confocal  microscope 
equipped  with  the  appropriate  laser  and  filters  for  NIR  imaging 
was  used  to  examine  the  cellular  uptake  of  NMI  in  human  PCa 
LNCaP  cells  which  have  high  MAOA  levels.  Images  of  a  single 
cell  treated  with  NMI  are  shown  in  Figure  IB  (vide  supra).  This 
compound  rapidly  accumulated  in  LNCaP  cells  and  localized  in 
the  mitochondria,  as  determined  by  co-staining  with  the 
mitochondria-specific  dye  MitoTracker  Green.  In  order  to  test 
the  inhibitory  activity  of  NMI,  an  MAOA  activity  assay  was 
carried  out  in  LNCaP-derived  C4-2B  cells  using  radiolabeled 
MAOA-specific  substrate  serotonin.  The  results  indicate  that 
NMI  inhibits  MAOA  activity  with  a  mean  50%  inhibitory 
concentration  (IC50)  of  (3.8  ±  0.3)  X  10-6  M  (Figure  1C). 

NMI  Reduces  Colony  Formation,  Migration,  and 
Invasion  of  PCa  Cells.  PCa  LNCaP,  C4-2B  and  MAOA- 
overexpressing  PC-3  cells5  were  used  for  cell  viability  (Figure 
2A)  and  cell  proliferation  assays  (Figure  2B).  Treatment  with 
clorgyline  produced  dose— response  curves  with  IC50  =  80.7  ± 
8.8  pM  in  LNCaP,  113.5  ±  8.0  pM  in  C4-2B,  and  129.3  ±  9.6 
//M  in  MAOA-overexpressing  PC-3  cells.  By  comparison, 
treatment  with  NMI  produced  curves  with  ICS0  =  5.1  ±  0.1  pM 
in  LNCaP,  5.6  ±  0.1  //M  in  C4-2B,  and  6.1  ±  0.2  //M  in 
MAOA-overexpressing  PC-3  cells,  indicating  12—20  times 
higher  efficacy  for  NMI  in  inhibiting  PCa  cells  growth  as 
compared  to  clorgyline  (Figure  2A). 

Most  PCa  cell  lines,  including  LNCaP,  C4-2B,  and  MAOA- 
overexpressing  PC-3,  possess  undetectably  low  levels  of 
monoamine  oxidase  B  (MAOB),  the  second  known  MAO 
isoform.24  However,  given  the  important  role  MAOB  plays  in 
the  normal  physiology  of  the  central  nervous  system  and 
peripheral  tissues,2  we  first  decided  to  ascertain  that  MAOA  is 
selectively  inhibited  with  minimal  interference  to  MAOB. 
Given  that  clorgyline  is  selective  for  MAOA  and  produces  dose- 
sensitive  inhibition,2  in  our  preliminary  cell-based  assays  we 
used  a  range  of  clorgyline  concentrations  (10  nM— 10  p M)  that 
are  inhibitory  for  MAOA  but  below  the  ICS0  for  MAOB 
inhibition.25  We  determined  1  //M  as  the  lowest  concentration 
required  for  clorgyline  to  show  efficacy  in  suppressing  cell 
proliferation.  This  concentration  was  also  consistent  with  the 
data  from  other  reported  study.24  Thus,  we  chose  1  //M  as  the 
concentration  at  which  the  efficacies  of  both  clorgyline  and 
NMI  could  be  assessed  and  compared  in  the  subsequent  in  vitro 
studies. 

In  cell  number  counting  assays,  we  observed  that  both 
clorgyline  and  NMI  reduced  the  number  of  proliferating  cells 
after  12  days.  NMI  also  showed  higher  efficacy  as  compared  to 
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clorgyline  (Figure  2B).  Colony  formation  assays  were 
performed  in  LNCaP  cells  treated  with  clorgyline  or  NMI 
(Figure  2C).  In  a  parallel  setup,  LNCaP  cells  were  targeted  by 
either  MAOA-targeting  shRNA  (shMAOA)  or  a  scrambled 
shRNA  (shCon).  Treatment  with  clorgyline  and  NMI  resulted 
in  a  reduction  of  the  colony  number  by  as  much  as  45%, 
although  in  this  assay  the  difference  between  the  activities  of 
clorgyline  and  NMI  was  not  statistically  significant  (Figure  2C, 
left  panel).  Treatment  with  MAOA-targeting  shRNA  reduced 
the  colony  number  by  only  25%,  as  compared  to  treatment  with 
scrambled  shRNA  (right  panel).  Because  clorgyline  has 
consistently  shown  lower  efficacy  in  these  experiments,  we 
focused  on  NMI  in  the  subsequent  studies. 

We  tested  the  ability  of  NMI  to  inhibit  migration  of  LNCaP 
and  C4-2B  cells.  After  treatment  with  compounds  at  1  /,/M 
concentration  for  48  h,  the  LNCaP  cells  showed  statistically 
significant  reduction  in  migration  of  35%  for  NMI  (Figure  3A, 


Figure  3.  NMI  reduces  the  migration  and  invasion  of  PCa  cells.  (A) 
Migration  assays  and  (B)  invasion  assays  of  LNCaP  and  C4-2B  cells 
treated  with  NMI  (l  //M,  48  h).  Representative  images  from  LNCaP 
cells  are  shown.  Original  magnification,  X200;  scale  bars,  200  pm.  **p 
<  0.01. 


left  panel).  A  similar  result  was  observed  for  C4-2B  cells 
(Figure  3A,  right  panel).  In  invasion  assays,  cells  treated  with 
NMI  also  showed  50%  reduction  in  LNCaP  and  40—45% 
reduction  in  C4-2B  cells  (Figure  3B). 

NMI  Reduces  the  Rate  of  Growth  of  PCa  Xenografts  in 
Nude  Mice.  In  order  to  assess  the  efficacy  of  NMI  in  vivo, 
subcutaneous  tumor  xenograft  mouse  models  were  used.  After 
being  implanted  subcutaneously  into  male  nude  mice,  C4-2B 
cells  formed  tumors  in  3—4  weeks.  After  tumors  reached  200 
mm3,  mice  were  randomly  assigned  into  two  groups  to  receive 
treatments  every  other  day:  (l)  control  and  (2)  NMI.  Two 
routes  of  administration  were  used  to  test  the  tumor-specific 
targeting  ability  of  NMI:  intratumoral  and  intraperitoneal. 
Tumors  were  measured  with  calipers,  and  tumor  volume  was 
calculated  every  3  days  during  the  21-day  treatment.  Serum 
prostate-specific  antigen  (PSA)  levels  in  mice  were  determined 
on  day  11  (the  middle  of  the  treatment  course),  and  tumor 
MAOA  activity  was  determined  at  the  end  of  treatment.  Mice 
body  weights  were  monitored  on  a  weekly  basis  from  the  time 
of  inoculation.  At  the  experiment  end  point,  mice  were 
euthanized,  tumors  were  excised,  and  tumor  weights  were 
determined.  NMI-treated  mice  showed  significant  delays  in 
tumor  growth  (Figure  4A),  reduction  in  PSA  levels  (Figure 
4B),  and  decreases  in  tumor  weight  as  compared  to  control 
mice  (Figure  4C).  NIR  imaging  of  the  whole  body  in  vivo  and 
individual  tumor  and  normal  organs  ex  vivo  clearly  showed 
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Figure  4.  NMI  inhibits  the  growth  of  C4-2B  tumor  xenografts  in  mice.  (A)  C4-2B  cells  were  subcutaneously  injected  into  male  nude  mice  (n  =  5  for 
each  group)  to  establish  tumor  xenografts.  After  tumor  size  reached  200  mm3,  mice  were  given  intratumoral  treatments  (saline  and  NMI;  750  nmol/ 
mouse)  every  other  day  for  a  21 -day  period.  Tumor  size  was  determined  by  calipers,  and  tumor  volume  was  calculated  as  described  in  the  Supporting 
Information.  *p  <  0.05,  **p  <  0.01.  (B)  Serum  PSA  levels  in  mice  were  determined  on  day  11  after  the  treatment  by  ELISA  *p  <  0.05.  (C)  Tumor 
weight,  determined  at  the  time  of  euthanasia  of  mice.  **p  <  0.01.  (D)  In  vivo  and  ex  vivo  NIR  imaging  of  mice  given  NMI  treatment.  Representative 
images  are  shown.  NIR  fluorescence  color  scales  denote  XlO9  and  XlO8  for  in  vivo  and  ex  vivo  imaging,  respectively,  in  the  units  of  radiant  efficiency 
([p/sec/ cm2/sr]/[/tW/cm2]).  (E)  Tumor  MAOA  catalytic  activity,  determined  at  the  time  of  euthanasia.  *p  <  0.05.  (F)  Mice  body  weight, 
determined  every  week  after  tumor  implantation. 


NMI  localization  within  the  tumor  (Figure  4D).  Measurements 
of  MAOA  activity  in  tumors  showed  its  significant  reduction  in 
NMI-treated  mice  (Figure  4E).  All  mice  in  treated  and  control 
groups  showed  similar  changes  in  body  weight  that  did  not 
exceed  18%  throughout  the  entire  duration  of  experiment 
(Figure  4F),  suggesting  that  this  treatment  regimen  was  well 
tolerated  by  the  animals. 

We  next  performed  hematoxylin  and  eosin  (H&E)  staining 
and  immunohistochemical  analysis  of  protein  expression 
patterns  of  Ki-67  (a  cell  proliferation  marker),  M30  (a  cell 
apoptosis  marker),  and  CD31  (an  angiogenesis  marker)  in 
tumor  specimens  from  control  and  treated  groups  (Figure  5A). 
H&E  staining  showed  a  decrease  in  the  nucleus-to-cytoplasm 
ratios  in  cells  from  tumors  treated  by  NMI  as  compared  to  the 
control  ^group,  suggesting  reduced  malignancy  in  treated 
tumors.  Ki-67  staining  of  tumor  specimens  revealed  a  25% 
decrease  of  Ki-67+  cells  in  NMI-treated  tumors  (Figure  5B,  left 
panel).  We  observed  an  11-fold  increase  of  M30+  area  (middle 
panel)  and  a  48%  decrease  in  CD31+  area  (right  panel)  in  the 
treated  specimens  as  compared  to  controls  (Figure  5B), 
suggesting  increased  apoptosis  and  reduced  angiogenesis 
occurring  in  treated  tumors. 

Gene  expression  profiling  further  indicated  down-regulation 
in  expression  of  such  proto-oncogenes  or  oncogenes  as  FOS, 
JUN,  NFKB1,  and  MYC  and  up-regulation  of  TP53  tumor 
suppressor  gene  expression  in  response  to  treatment.  Cell-cycle 
regulator  genes  that  activate  cell  cycle  progression,  such  as 
CCND1,  CCNE1,  CDK4,  and  CDIC6,  were  also  down-regulated, 
whereas  expression  of  select  cell-cycle  inhibitors,  including 
CDKN1A  and  CDKN2A,  increased  in  the  NMI-treated  tumors 
as  compared  to  controls.  In  contrast,  decreased  expression  of 
anti-apoptotic  BCL2  gene  was  revealed  in  treated  tumor 
samples.  In  addition,  genes  involved  in  MAOA-downstream 
signaling  demonstrated  to  promote  EMT  (VIM,  SNAI1,  SNAI2, 
and  TWISTl),  tumor  hypoxia  (VEGFA  and  GLUT1 ),  and 
cancer  cell  migration,  invasion,  and  metastasis  (IL6,  IL8, 


MMP2,  MMP9,  and  MET)5  all  showed  reduced  expression  by 
treatment  (Figure  5C). 

To  further  evaluate  the  tumor-targeting  properties  of  NMI, 
C4-2B  cells  were  subcutaneously  implanted  contralaterally  into 
both  flanks  of  male  nude  mice.  After  the  formation  of  two 
tumor  xenografts  in  each  mouse,  NMI  was  injected  intra- 
tumorally  into  one  of  the  lesions.  NIR  imaging  conducted  after 
three  injections  performed  every  other  day  showed  localization 
of  the  conjugate  in  both  tumors  (Figure  6A),  which  reveals 
tumor-targeting  properties  of  NMI.  Remarkably,  the  intensities 
of  the  NIR  signals  originating  from  the  injected  and 
contralateral  tumor  were  comparable,  suggesting  rapid 
redistribution  of  the  injected  compound  between  two  tumors. 
Figure  6B  further  shows  that  NMI  selectively  targets  two 
tumors  when  administered  in  an  intraperitoneal  injection.  NIR 
imaging  shows  no  observable  NIR  signals  in  other  body  parts, 
further  confirming  the  tumor-specific  targeting  of  NMI  and  its 
systemic  circulation. 

■  DISCUSSION 

The  search  for  effective  therapies  based  on  pharmacological 
targeting  and  inhibition  of  increased  MAOA  expression  in  PCa 
and  potentially  other  cancers  is  in  its  infancy.  This  study  is  our 
first  report  on  the  design,  synthesis,  and  in  vitro  and  in  vivo 
evaluation  of  the  therapeutic  efficacy  of  NMI,  a  novel  conjugate 
that  targets  tumors  and  reduces  MAOA  activity  in  mouse  PCa 
xenograft  models.  The  conjugate  consists  of  the  MAOA 
targeting  functionality  and  a  NIR  dye.  It  was  synthesized  in 
eight  steps  in  a  scalable  procedure  from  commercially  available 
starting  materials  to  give  hundreds  of  milligrams  of  material. 
The  conjugate  was  shown  to  target  PCa  cells,  localize  in 
mitochondria,  and  inhibit  MAOA  activity  in  the  low  micro¬ 
molar  IC50  range.  It  has  shown  efficacy  that  exceeds  that  of 
clorgyline,  a  known  MAOA  inhibitor,  in  suppressing  the  growth 
of  three  PCa  cell  lines  with  high  levels  of  MAOA:  LNCaP,  C4- 
2B,  and  MAOA-overexpressing  PC-3.  It  inhibited  colony 
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Figure  5.  Analysis  of  tumor  specimens  obtained  from  treated  and 
control  mice.  (A)  H&E  and  immunohistochemical  analysis  of  Ki-67, 
M30,  and  CD31  expression  in  respective  tumor  specimens. 
Representative  images  are  shown.  Original  magnification,  X400; 
scale  bars,  20  f.im.  (B)  Quantification  of  percent  of  Ki-67+,  M30+, 
and  CD31+  tumor  cells  or  areas  of  five  distinct  images  from  each 
group.  The  data  represent  mean  ±  SD.  **p  <  0.01.  (C)  Heat  map 
depicting  gene  expression  profiling  of  tumor  samples  from  each  group. 
Red  and  blue  colors  indicate  high  and  low  relative  expression  levels, 
respectively,  with  the  numbers  indicating  log2-transformed  ratios. 


formation  for  LNCaP  cells  similarly  to  MAOA-targeting 
shRNA.  NMI  also  inhibited  invasion  and  migration  of  PCa 
cells,  which  is  consistent  with  the  demonstrated  mechanism 
that  high  MAOA  activity  is  associated  with  aggressive  cell 
behavior  and  induced  EMT.  The  diminished  levels  of  an 
epithelial  marker,  E-cadherin,  and  increased  expression  of  a 
mesenchymal  marker,  vimentin,  indicate  EMT  suppression.  By 
conducting  a  comparative  study  using  NMI  and  clorgyline,  we 
have  shown  that  the  tumor-targeting  property  of  NMI  makes  it 
a  superior  pharmacological  inhibitor,  as  compared  to  clorgyline, 
in  nearly  all  cases. 

Our  in  vivo  studies  using  PCa  xenograft  mouse  models  show 
that  NMI  localizes  in  the  tumors,  reduces  the  rate  of  tumor 
growth,  and  decreases  levels  of  PSA  and  MAOA  catalytic 
activity  in  mice  engrafted  with  C4-2B  cells.  At  a  final  dose  of  6 
nmol  per  mouse,  NMI  shows  significant  inhibitory  efficacy  on 
tumor  xenograft  growth.  One  of  the  unexpected  findings  is  the 
discovery  that  an  intratumorally  injected  compound  would 
redistribute  itself  into  the  neighboring  tumors,  suggesting  that 
its  redistribution  in  vivo  is  facilitated  by  the  rapid  circulation  in 


the  bloodstream.  This  is  further  supported  by  the  observation 
of  tumor-specific  targeting  made  by  an  intraperitoneal 
administration. 

We  previously  shown  that  tumor  hypoxia  is  one  of  the  major 
factors  that  mediates  uptake  of  heptamethine  carbocyanine  NIR 
dyes  by  tumor  cells.2"  Hypoxia,  through  stabilization  of  HIFla, 
also  underlies  one  of  the  key  MAOA  functions  in  promoting 
tumor  progression  and  metastasis  in  PCa.5  The  increased 
uptake  and  retention  of  NMI  in  tumors  is  likely  due  to  tumor 
hypoxia  through  an  activated  HIFla/OATPs  signaling  axis,22 
which  is  supported  by  our  observation  that  the  tumor-targeting 
effect  of  NMI  could  be  enhanced  in  PCa  expressing  high  levels 
of  MAOA  associated  with  increased  tumor  hypoxia.  Indeed,  the 
higher  accumulation  of  NMI  in  MAOA-overexpressing  PC-3 
tumors  as  compared  to  a  control  tumor  is  paralleled  by  the 
increase  in  HIFla  immunostaining  in  those  tumor  samples 
with  elevated  expression  of  MAOA  (see  Supporting  Informa¬ 
tion,  Figure  Si).  These  observations  suggest  that  a  synergistic 
strategy  based  on  the  use  of  tumor-targeting  MAOA  inhibitors 
such  as  NMI  and  inhibitors  of  hypoxia-inducible  transcription 
could  result  in  an  improved  efficacy  and  reduced  side  effects  in 
treating  hypoxic,  high-grade  PCa. 

■  CONCLUSION 

We  have  demonstrated  that  a  tumor-targeting  NIR  dye— 
MAOA  inhibitor  conjugate  has  the  highest  efficacy  among  all 
the  MAOA  inhibitors  tested  in  PCa,  and  it  may  become  a  novel 
pharmacological  agent  for  treatment  and  diagnosis  of  this  type 
of  cancer.  Such  an  agent,  after  the  proper  preclinical 
development,  could  become  an  important  platform  for  future 
generation  of  anti-cancer  therapeutics.  Such  a  conjugate  also 
possesses  a  diagnostic  potential,  in  that  it  can  differentiate  the 
prostate  tumors  with  high  MAOA  activity,  high  hypoxia,  and 
elevated  malignant  potential  from  the  indolent  neoplasms.  Its 
anti-tumor  effect,  largely  derived  through  MAOA  targeting, 
makes  it  a  valuable  addition  to  the  anti-cancer  therapeutic 
armamentarium. 

■  EXPERIMENTAL  SECTION 

General.  All  reagents  and  solvents  were  obtained  from  commercial 
sources  and  were  used  as  received  unless  otherwise  stated.  Molecular 
biology  grade  salts  and  buffers  were  obtained  from  Sigma-Aldrich. 
MitoTracker  Green  and  4',6-diamidino-2-phenylindole  (DAPI)  dyes 
were  obtained  from  Life  Technologies.  All  reactions  involving 
moisture-sensitive  reagents  were  conducted  under  argon  atmosphere 
with  anhydrous  solvents  and  flame-dried  glassware.  Hygroscopic 
liquids  were  transferred  via  a  syringe  and  were  introduced  into  reaction 
vessels  through  rubber  septa.  Reaction  product  solutions  were 
concentrated  using  a  rotary  evaporator  at  30—150  mmHg.  Column 
chromatography  was  performed  on  silica  gel  (230—400  mesh)  using 
reagent  grade  solvents.  Analytical  TLC  was  performed  on  glass-backed, 
pre-coated  plates  (0.25  mm,  silica  gel  60,  F-254,  EM  Science). 
Analytical  high-performance  liquid  chromatography  (HPLC)  was 
performed  on  Microsorb-MV  C8  reverse-phase  columns  (250  X  4.6 
mm,  Varian)  using  a  Shimadzu  LC-10A  VP  pump  and  a  Shimadzu 
SPD  10A  VP  UV— vis  variable-wavelength  detector.  Preparative  HPLC 
purifications  were  carried  out  with  C8  reverse-phase  preparative 
columns  (Grace  Davison).  The  flow  rate  for  preparative  reverse-phase 
HPLC  was  4  mL/min.  In  all  cases,  5%— 95%  gradients  of  acetonitrile 
(ACN)  in  0.1%  aqueous  TFA  were  used  as  eluents.  Water  (18  M£2) 
was  obtained  from  a  Barnstead  water  purification  system,  and  all 
buffers  were  0.2  fim  filtered.  NMR  spectra  were  collected  on 
instruments  in  the  indicated  solvents.  The  identity  and  purity  of 
each  intermediate  and  the  final  product  were  confirmed  by  *H  and  13C 
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Figure  6.  Tumor-targeting  properties  of  NMI  in  mouse  xenografts.  (A)  C4-2B  cells  were  subcutaneously  implanted  into  both  flanks  of  male  nude 
mice  to  form  tumor  xenografts,  and  only  the  tumor  in  one  flank  (right  #525  or  left  #546)  was  given  intratumoral  injection  of  NMI  (12  nmol/mouse) 
every  other  day  for  three  injections,  followed  by  NIR  imaging.  Representative  images  are  shown.  (B)  Mice  bearing  C4-2B  tumor  xenografts  as 
described  in  (A)  were  intraperitoneally  injected  with  NMI  (50  nmol/mouse)  and  24  h  later  subjected  to  NIR  imaging.  One  representative  image  is 
shown.  Tumors  are  indicated  by  the  arrows.  NIR  fluorescence  color  scales  denote  XlO9  and  XlO10  for  intratumoral  and  intraperitoneal  injections, 
respectively,  in  the  units  of  radiant  efficiency  ([p/sec/cm2/sr]/[//W/cm2]). 


NMR  (Varian  Mercury  400  MHz  instrument)  and  mass  spectrometry 
(Agilent  6520  time-of-flight  system). 

Synthesis  of  Compounds.  tert-Butyl  (3-Bromopropyl)- 
corbomote  (2).  To  a  100  mL  round-bottom  flask  equipped  with  a 
magnetic  stirrer  were  added  3-bromopropylamine  hydrobromide  (l, 
1.19  g,  5.44  mmol,  1.0  equiv)  and  DCM  (30  mL).  To  the  resultant 
solution  was  added  di-terf-butyl  dicarbonate  (2.16  g,  9.90  mmol,  1.8 
equiv)  in  DCM  (20  mL),  followed  by  triethylamine  (0.866  mL,  6.21 
mmol,  1.1  equiv).  The  solution  was  stirred  at  room  temperature  for  75 
min.  The  reaction  was  diluted  with  DCM  (50  mL)  and  washed  twice 
with  sodium  bicarbonate  (50  mL)  and  once  with  brine  (50  mL).  The 
organic  phase  was  dried  over  sodium  sulfate  and  filtered,  and  the 
solvent  was  removed  in  vacuo  to  yield  2  (1.35  g,  80%).  *H  NMR  (400 
MHz,  CDC13):  8  4.65  (s,  1H),  3.37  (dt,  2H,  JY  =  6.4  Hz,  J2  =  1.2  Hz), 
3.21  (dd,  2H,  /i  =  12.4  Hz,  J2  =  6.4  Hz),  1.98  (m,  2H),  1.37  (s,  9H). 

tert-Butyl  3-{2A-Dichloropher\oxy)propylcorbamote  (4).  To  a  50 
mL  round-bottom  flask  equipped  with  a  magnetic  stirrer  was  added 
2,4-dichlorophenol  (3,  452  mg,  2.77  mmol,  1.0  equiv)  followed  by 
dimethylformamide  (DMF,  3  mL).  To  the  resultant  solution  was 
added  sodium  hydride  portion-wise  (ill  mg,  2.77  mmol,  1.0  equiv) 
followed  by  4  (661  mg,  2.77  mmol,  1.0  equiv)  in  DMF  (2  mL).  The 
mixture  was  stirred  at  60  °C  for  3  h.  The  reaction  was  diluted  with 
DCM  (50  mL)  and  washed  three  times  with  10%  sodium  hydroxide 
(15  mL),  once  with  HC1  (25  mL),  and  once  with  brine  (50  mL).  The 
organic  phase  was  dried  over  sodium  sulfate  and  filtered,  and  the 
solvent  was  removed  in  vacuo  to  yield  4  (431  mg,  48%).  *H  NMR 
(400  MHz,  CDCI3):  8  7.36  (d,  1H,  /  =  2.8  Hz),  7.18  (dd,  1H,  JY  =  8.8 
Hz,  J2  =  2.8  Hz),  6.83  (d,  1H,  J  =  8.4  Hz),  5.16  (s,  1H),  4.07  (t,  2H,  J  = 
5.6  Hz),  3.38  (m,  2H),  2.03  (m,  2H),  1.44  (s,  9H). 

tert-Butyl  3-(2,4-Dichlorophenoxy)propyl(prop-2-ynyl)carbamate 
(6).  To  a  20  mL  scintillation  flask  equipped  with  a  magnetic  stirrer  was 
added  4  (273  mg,  0.858  mmol,  1.0  equiv)  followed  by  DMF  (3  mL). 
To  the  resultant  solution  was  added  sodium  hydride  portion- wise  (35 
mg,  0.858  mmol,  1.0  equiv)  followed  by  propargyl  bromide  (5,  130 
pL,  0.858  mmol,  1.0  equiv).  The  mixture  was  stirred  at  room 
temperature  for  2  h.  The  reaction  was  evaporated  and  the  residue 
purified  by  column  chromatography  using  a  gradient  of  2%— 5%— 50% 
EtOAC  in  hexanes  to  yield  6  (75.4  mg,  21%  yield).  *H  NMR  (400 


MHz,  CDCI3):  8  7.36  (d,  1H,  /  =  2.8  Hz),  7.17  (dd,  1H,  =  8.4  Hz,  J2 

=  2.4  Hz),  6.83  (d,  1H,  J  =  8.8  Hz),  4.07  (t,  2H,  /  =  6.0  Hz),  4.04  (t, 
1H,  J  =  5.6  Hz),  3.56  (t,  2H,  J  =  6.8  Hz),  2.18  (t,  2H,  J  =  2.4  Hz),  2.03 
(m,  2H),  1.57  (s,  2H),  1.44  (s,  9H). 

N-(3-(2,4-Dichlorophenoxy)propyl)prop-2-yn- 1  -ominium  Tri- 
fluoroacetate  (7).  To  a  20  mL  scintillation  flask  equipped  with  a 
magnetic  stirrer  was  added  6  (72.6  mg,  0.858  mmol,  1.0  equiv) 
followed  by  DCM  (4  mL).  To  the  resultant  solution  was  added  TFA 
(l  mL).  The  mixture  was  stirred  at  room  temperature  for  8  min.  The 
reaction  was  evaporated  and  dried  in  vacuo  to  provide  7  without 
further  purification  (75  mg,  quantitative  yield). 

S-3-Bromopropyl  Ethanethioote  (8).  A  250  mL  three-neck  round- 
bottom  flask  equipped  with  a  thermocouple  in  a  glass  sleeve,  a 
magnetic  stirrer,  a  vigreux  column  with  an  argon  inlet  (middle  stem), 
and  a  sleeved  rubber  septum  stopper  was  assembled  and  dried  with  a 
heat  gun  under  flow  of  argon.  Approximately  110—120  mL  of 
anhydrous  DMF  was  added  via  a  cannula.  Potassium  thioacetate 
(11.68  g,  102.3  mmol)  was  added  portion-wise  into  the  flask  while  it 
was  cooled  with  an  ice-cold  MeOH  bath.  The  reaction  was  stirred  for  7 
h  at  about  —10  °C.  The  ice-cold  MeOH  bath  was  removed  after  the 
reaction  was  quenched  by  addition  of  165  mL  of  water.  The  reaction 
mixture  was  partitioned  with  300  mL  of  methyl  tert- butyl  ether 
(MTBE)  and  700  mL  of  water.  The  water  layer  was  washed  with  200 
mL  of  MTBE.  The  MTBE  layers  were  washed  sequentially  with  water, 
saline,  and  NaHC03,  dried  over  MgS04,  filtered,  and  evaporated  to 
yield  8  (19.1  g,  98.7%).  lH  NMR  (400  MHz,  CDC13):  8  3.45  (t,  2H,  J 
=  6.4  Hz),  3.01  (t,  2H,  /  =  7.2  Hz),  2.35  (s,  3H),  5.16  (s,  1H),  2.13  (m, 
2H). 

S-3-((3-(2/4-Dichlorophenoxy)propyl)(prop-2-ynyl)amino)propyl 
Ethanethioate  (9).  To  a  20  mL  scintillation  vial  equipped  with  a 
magnetic  stirrer  was  added  7  (12  mg,  0.032  mmol,  1.0  equiv)  followed 
by  ACN  (2.5  mL).  To  the  resultant  solution  was  added  potassium 
carbonate  (186  mg,  1.343  mmol,  10.0  equiv)  followed  by  8  (12.6  mg, 
5.66  mmol,  17.7  equiv).  The  mixture  was  stirred  at  80  °C  overnight. 
The  reaction  was  then  filtered,  the  solvent  was  removed  under  reduced 
pressure,  and  the  residue  was  dried  in  vacuo.  The  crude  material  was 
purified  by  preparative  TLC  using  5%  ethyl  acetate  in  hexanes  as  an 
eluent  to  yield  9  (4.7  mg,  39%).  *H  NMR  (400  MHz,  CDC13):  8  7.35 
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(d,  1H,  /  =  2.4  Hz),  7.16  (dd,  1H,  /  =  8.4  Hz,  /  =  2.4  Hz),  7.35  (d,  1H, 
J  =  8.8  Hz),  4.07  (t,  2H,  /  =  6.0  Hz),  4.04  (t,  1H,  /  =  5.6  Hz),  3.40  (s, 
2H),  2.87  (t,  2H,  J  =  6.8  Hz),  2.70  (t,  2H,  J  =  6.4  Hz),  2.56  (t,  2H,  /  = 
6.8  Hz),  2.30  (m,  3H),  2.17  (s,  1H),  1.95  (m,  2H),  1.71  (m,  2H). 

3-((3-(2/4-Dichlorophenoxy)propyl)(prop-2-ynyl)amino)propane- 
7  -thiol  (10).  A  solution  of  9  (1.17  mg,  3.10  pmo\)  in  200  pL  of  ACN 
was  added  into  a  20  mL  vial  equipped  with  a  stir  bar,  evaporated,  and 
then  co-evaporated  with  MeOH  three  times  to  remove  ACN.  MeOH/ 
HC1  (200  pL)  was  added  into  the  vial,  and  then  the  vial  was  heated  on 
an  oil  bath  at  85  °C  for  6  h.  The  reaction  mixture  was  co-evaporated 
sequentially  with  MeOH  three  times  and  ACN  three  times  to  give  10, 
which  was  used  in  the  next  step  without  further  purification. 

6-((Z)-2-((E)-2-(2-Chloro-3-((E)-2-(1-(6-((3-((3-(2,4- 
dichlorophenoxy)propyl)(prop-2-yn-  7  -yl)amino)propyl)thio)-6-oxo- 
hexyl)-3,3-dimethyl-3H-indol-  7  -ium-2-yl)vinyl)cyclohex-2-en- 7  - 
ylidene)ethylidene)-3,3-dimethylindolin-  7  -yl)hexanoate  (NMI). 
MHI-148  11  (170  mg,  242  pmo\,  1.10  equiv),  dry  DCM  (10  mL), 
ED  Cl  hydrochloride  (45  mg,  235  pmo\,  1.04  equiv),  and  DMAP  (8 
mg,  6.5  //mol,  0.03  equiv)  were  added  to  a  20  mL  round-bottom  flask 
equipped  with  a  stir  bar  and  stirred  for  15  min.  Compound  10, 
obtained  in  the  previous  step  (75  mg,  226  //mol,  1.00  equiv),  was 
added  to  the  mixture  as  a  solution  in  ACN  (2  mL),  and  the  reaction 
was  stirred  at  room  temperature  overnight.  The  solvent  was  then 
removed  under  reduced  pressure.  The  compound  was  dissolved  in  5 
mL  of  DCM  and  purified  on  preparative  silica  gel  plates  using  7.5% 
MeOH  in  DCM  as  an  eluent.  Yield:  83.2  mg,  37%.  Alternatively,  the 
reaction  mixture  aliquot  was  dissolved  in  methanol  and  purified  by 
HPLC  using  a  YMC  HPLC  column  (C18  S-pm  column,  50  mm  length 
X20  mm  i.d.)  and  a  5%— 95%  gradient  of  ACN  in  0.1%  aqueous  TFA 
over  30  min  to  yield  NMI  (0.144  mg  recovery).  *H  NMR  (400  MHz, 
CDC13):  8  1.49  (m,  2H,  y-CH2(COOH)),  1.56  (m,  2H,  y- 
CH2(COSCH2-)),  1.67  (s,  6H,  CH3),  1.71  (s,  6H,  CH3),  1.80  (m, 
2H,  fi-CH 2),  1.82  (m,  2H,  tf-CH2),  1.86  (m,  2H,  <5-CH2),  1.88  (m,  2H, 
<5-CH2),  1.94  (s,  2H,  0-CH2CH2CH2N-),  1.97  (s,  2H,  S- 
CH2CH2CH2N-),  2.09  (s,  2H,  CH2),  2.56-2.57  (m,  4H,  a-CH2), 
2.68-2.70  (m,  4H,  CH2NCH2),  2.71  (s,  2H,  CH2C=),  2.75  (s,  2H, 
CH2C=),  2.85  (m,  2H,  -SCH2),  4.04  (t,  1H,  HC=C— ),  4.05  (t, 
4H,  N-CH2),  4.05  (t,  2H,  0-CH2),  4.07  (t,  2H,  CH2C=),  6.04  (d, 
1H,  CH=CH),  6.32  (d,  1H,  CH=CH),  6.85  (d,  1H,  Ar-H),  7.05  (d, 
1H,  Ar-H),  7.17-7.42  (m,  9H,  Ar-H),  8.28  (d,  1H,  CH=CH),  8.40 
(d,  1H,  CH=CH).  HRMS:  calcd  for  C57H69C13N304S  m/z  996.4074; 
observed  m/z  996.4068.  2max  absorption  and  fluorescence  wavelengths 
in  methanol  were  780  and  802  nm,  respectively. 

Cell  Lines  and  Cell  Culture  Conditions.  Human  PCa  LNCaP 
cell  line  was  obtained  from  American  Type  Culture  Collection. 
Human  PCa  C4-2B  cell  line  was  established  from  LNCaP  as  described 
previously.27  Human  PCa  MAOA-overexpressing  PC-3  cell  line  was 
established  as  described  previously.5  LNCaP  and  C4-2B  cells  were 
grown  in  RPMI  1640  medium  (Life  Technologies),  and  MAOA- 
overexpressing  PC-3  cells  were  grown  in  T-medium  (Life 
Technologies),  with  both  media  supplemented  with  10%  fetal  bovine 
serum  (FBS)  and  1%  penicillin/streptomycin. 

Laser-Scanning  Confocal  Microscopy.  Cells  were  plated  in 
glass-bottom  microscopy  dishes  (MatTek)  at  a  density  of  20  000  cells 
in  400  pL  of  medium  supplemented  with  10%  FBS  and  were  allowed 
to  form  a  monolayer  over  20  h.  NMI  at  a  concentration  of  5  pM.  in 
400  pL  of  fresh  medium  containing  10%  FBS,  MitoTracker  Green 
(lx),  and  DAPI  (lx)  were  added  to  the  media,  and  the  cells  were 
incubated  at  37  °C  and  5%  C02  for  an  additional  4  h.  Imaging  was 
performed  on  a  Zeiss  LSM  510  inverted  laser-scanning  confocal 
microscope,  equipped  with  an  oil-immersion  X63  objective  lens. 
Excitation  wavelengths  were  set  at  2max  =  488  nm  (DAPI,  blue 
excitation),  514  nm  (MitoTracker  Green,  green-yellow  excitation), 
and  790  nm  (NMI,  red  excitation).  The  data  were  acquired  in  a  multi¬ 
track  mode.  Images  were  taken  using  pinholes  of  130—200  pm  in 
order  to  capture  fluorescence  signals  on  a  thin  focus  plane. 

MAOA  Catalytic  Activity  Assay.  MAOA  catalytic  activity  was 
determined  in  PCa  cells  and  tumor  samples  treated  with  clorgyline  or 
NMI  at  different  concentrations.  One  hundred  micrograms  of  total 
protein  (-~1  X  106  cells)  were  incubated  with  1  mM  14C-5- 


hydroxytryptamine  (5-HT)  in  the  assay  buffer  (50  mM  sodium 
phosphate  buffer,  pH  7.4)  at  37  °C  for  20  min,  and  the  reaction  was 
terminated  by  the  addition  of  100  ph  of  6  N  HC1.  The  reaction 
products  were  extracted  with  benzene/ethyl  acetate  and  centrifuged. 
The  organic  phase  containing  the  reaction  products  was  extracted,  and 
the  radioactivity  was  determined  by  liquid  scintillation  spectroscopy. 

Cell  Proliferation  Assays.  Cells  were  seeded  on  96-well  plates  in 
triplicate  and  treated  with  vehicle,  clorgyline,  or  NMI  at  different 
concentrations  for  96  h.  Cell  proliferation  was  determined  by  MTS 
assay  (Promega)  following  the  manufacturer’s  instructions.  For  cell 
number  counting  assays,  cells  were  seeded  on  6-well  plates  (2  X  104 
cells/well)  and  treated  with  vehicle,  clorgyline  (l  ^M),  or  NMI  (l 
pM.)  for  12  days,  with  compound-added  medium  replenished  every  3 
days.  Cell  numbers  from  triplicate  wells  were  counted  by  a 
hemocytometer. 

Colony  Formation  Assay.  Cells  were  suspended  in  the  culture 
media  containing  0.3%  agarose  (FMC  BioProducts)  with  vehicle, 
clorgyline  (l  pM),  or  NMI  (l  //M)  and  placed  on  top  of  solidified 
0.6%  agarose  in  6-well  plates.  The  developed  colonies  were  counted 
and  recorded  under  a  microscope  after  a  3-week  incubation. 

Migration  and  Invasion  Assays.  Assays  were  performed  using 
6.5  mm  transwells  (8  pm  pore  size)  coated  with  either  collagen  I  or 
Growth  Factor  Reduced  Matrigel  (BD  Biosciences)  for  the  migration 
and  invasion  assays,  respectively.  Cells  were  serum-starved  overnight 
before  seeding  to  eliminate  the  interference  of  proliferative  effect  with 
cell  migration  or  invasion.  Cells  were  seeded  inside  transwell  inserts 
containing  culture  medium  without  serum  and  with  treatment.  After 
18—24  h,  the  cells  that  translocated  to  the  lower  surface  of  the  filters 
were  fixed  in  4%  formaldehyde.  The  fixed  membranes  were  stained 
using  crystal  violet  (l%  solution).  Assays  were  quantified  by  counting 
the  number  of  stained  nuclei  in  five  independent  fields  in  each 
transwell. 

Mouse  Subcutaneous  Tumor  Xenograft  Studies.  Male  4-  to  6- 
week-old  athymic  nude  mice  were  purchased  from  Taconic,  Inc., 
housed  in  the  animal  research  facility  at  University  of  Southern 
California  (USC),  and  fed  a  normal  diet.  For  xenograft  studies,  2  X  106 
C4-2B  cells  were  mixed  1:1  with  Matrigel  (BD  Biosciences)  and 
injected  subcutaneously  into  nude  mice,  with  each  mouse  bearing  one 
tumor  on  the  right  flank.  After  tumors  reached  a  size  of  100—200  mm3, 
mice  were  randomly  assigned  to  two  groups  (saline  or  NMI,  n  =  5  per 
group).  For  the  treatment  group,  intratumoral  injections  of  NMI  (2 
//g/tumor,  250  nmol/mouse)  were  given  to  mice  every  other  day  for 
the  first  10  days,  and  then  the  dose  was  increased  to  6  //g/tumor  (750 
nmol/mouse).  Intratumoral  injections  of  saline  were  given  to  the 
control  group.  Tumor  size  was  measured  every  3  days  by  calipers,  and 
tumor  volume  was  calculated  by  the  formula  of  length  X  width2  X 
0.52.28  Mouse  blood  was  collected  from  the  retro-orbital  sinus 
bleeding  on  day  1 1,  and  serum  PSA  level  was  determined  by  an  ELISA 
kit  (GenWay  Biotech)  in  accordance  with  the  manufacturer’s 
instructions.  Tumors  were  dissected  and  weighed  when  mice  were 
euthanized  on  day  21.  Mice  body  weight  was  measured  on  a  weekly 
basis  following  tumor  implantation.  All  animal  studies  received  prior 
approval  by  the  USC  IACUC  and  were  conducted  in  compliance  with 
its  recommendations. 

Analysis  of  Tumor  Uptake  of  NMI  by  NIR  Fluorescence 
Optical  Imaging.  Mice  bearing  C4-2B  subcutaneous  tumors,  when 
tumor  size  reached  2—6  mm  in  diameter  assessed  by  palpation,  were 
injected  intratumorally  (three  consecutive  injections  every  other  day) 
with  NMI  at  a  dose  of  12  nmol/mouse  or  intraperitoneally  (one 
injection)  at  50  nmol/mouse.  Whole-body  NIR  fluorescence  optical 
imaging  was  taken  24  h  after  the  last  injection  using  an  IVIS  Lumina 
XR  imaging  system  (PerkinElmer)  equipped  with  fluorescence  filter 
sets  (excitation/emission,  783/840  nm)  as  described  previously.29 
During  imaging,  mice  were  maintained  in  an  anesthetized  state. 

Immunohistochemistry.  Immunohisto chemical  analysis  of  tumor 
xenograft  samples  was  performed  using  antibodies  against  Ki-67 
(Abeam),  M30  (DiaPharma),  or  CD31  (Santa  Cruz)  following  our 
published  protocol30  with  minor  modifications.  Briefly,  formalin-fixed 
paraffin-embedded  sections  (4  pm)  were  de-paraffinized,  rehydrated, 
and  subjected  to  antigen  retrieval.  After  incubation  in  Dual 
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Endogenous  Enzyme  Block  solution  (Dako)  for  10  min,  the  section 
was  treated  with  primary  antibody  diluted  by  different  folds  with 
Antibody  Diluent  solution  (Dako)  at  4  °C  overnight.  The  section  was 
then  washed  three  times  in  phosphate-buffered  salilne  containing  0.2% 
Tween-20  for  5  min  per  washing.  To  detect  specific  staining,  the 
section  was  treated  for  30  min  with  EnVision  +  Dual  Link  System- 
HRP  (Dako),  which  contained  horseradish  peroxidase-conjugated  goat 
antibodies  against  mouse  or  rabbit  IgG.  The  section  was  washed  three 
times  for  5  min  each,  and  specific  stains  were  developed  with  3,3- 
diaminobenzidine  (Dako).  Images  were  acquired  using  a  Nikon 
camera  and  software.  Magnification  was  X400  (scale  bars  ~20  /Am). 
Percent  of  Ki-67+  cells  and  M30+  and  CD31+  area  were  analyzed  by 
ImageJ  software  (NIH). 

Statistical  Analysis.  Data  are  presented  as  the  mean  ±  SD,  as 
indicated  in  the  figure  legends.  All  comparisons  were  analyzed  by 
unpaired  two-tailed  Student’s  t-test.  A  p-value  less  than  0.05  was 
considered  to  be  statistically  significant. 
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Brain  tumors  and  brain  metastases  are  among  the  deadliest  malignancies  of  all  human  cancers,  largely 
due  to  the  cellular  blood-brain  and  blood-tumor  barriers  that  limit  the  delivery  of  imaging  and  ther¬ 
apeutic  agents  from  the  systemic  circulation  to  tumors.  Thus,  improved  strategies  for  brain  tumor 
visualization  and  targeted  treatment  are  critically  needed.  Here  we  identified  and  synthesized  a  group  of 
near-infrared  fluorescence  (NIRF)  heptamethine  carbocyanine  dyes  and  derivative  NIRF  dye-drug  con¬ 
jugates  for  effective  imaging  and  therapeutic  targeting  of  brain  tumors  of  either  primary  or  metastatic 
origin  in  mice,  which  is  mechanistically  mediated  by  tumor  hypoxia  and  organic  anion-transporting 
polypeptide  genes.  We  also  demonstrate  that  these  dyes,  when  conjugated  to  chemotherapeutic 
agents  such  as  gemcitabine,  significantly  restricted  the  growth  of  both  intracranial  glioma  xenografts  and 
prostate  tumor  brain  metastases  and  prolonged  survival  in  mice.  These  results  show  promise  in  the 
application  of  NIRF  dyes  as  novel  theranostic  agents  for  the  detection  and  treatment  of  brain  tumors. 

©  2015  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Brain  tumors  and  tumor  brain  metastases  are  extremely  deadly 
diseases  with  poor  prognosis  and  short  patient  survival.  Due  to 
high  resistance  to  chemotherapy  and  radiotherapy,  early  surgical 
intervention  after  tumor  detection  by  imaging  is  the  standard  first- 
line  treatment  for  most  types  of  brain  tumors  [1,2],  The  effective¬ 
ness  of  current  diagnostics,  including  computed  tomography  (CT), 
magnetic  resonance  imaging  (MRI)  and  18F-fluorodeoxyglucose 
positron  emission  tomography  (FDG-PET)  [3,4],  is  limited  by 
insufficient  specificity  and  sensitivity,  due  in  part  to  the  background 
tissue  autofluorescence,  tissue  metabolism,  and  limited  resolution 
and  depth  of  signal  penetration  [5,6],  These  limitations  may  result 
in  significant  errors  when  patients  are  subjected  to  imaging  for 
tumor  diagnosis,  prognosis,  and  follow-up  of  therapeutic  responses 
and  recurrence.  Alternative  diagnostic  approaches  using 
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multimodality  optical-  and  nuclear-imaging-based  techniques  for 
the  detection  of  brain  tumors  and  tumor  metastatic  deposits  in  the 
brain  are  needed. 

One  central  challenge  of  brain  tumor  detection  and  therapy  is  to 
deliver  diagnostic  and  therapeutic  agents  effectively  to  the  tumor 
core  and  migratory  cells  in  the  infiltration  zone  [7],  The  blood — 
brain  barrier  (BBB)  and  the  blood— tumor  barrier  (BTB)  between 
brain  tumor  cells  and  microvessels  are  major  obstacles  to  the  de¬ 
livery  of  most  agents  to  tumor  tissues  from  the  systemic  circulation 
[7,8],  Thus,  chemotherapy  has  been  of  limited  benefit  for  brain 
tumor  patients,  due  in  large  part  to  the  poor  penetration  of  drugs 
through  these  barriers  and  the  undesired  side  effects  caused  by 
non-selective  drug  accumulation  in  healthy  tissues  [9,10],  To 
overcome  these  barriers,  a  number  of  noninvasive  targeted  ap¬ 
proaches,  such  as  peptide-based,  nanoparticle-coated  delivery 
platforms  [11,12],  have  been  recently  developed  as  a  potential  way 
to  deliver  targeted  agents  to  brain  tumors. 

Near-infrared  fluorescence  (NIRF)  imaging  agents  have  great 
potential  for  noninvasive  tumor  imaging  [13],  NIRF  agents  can 
potentially  increase  the  sensitivity  and  specificity  of  cancer  diag¬ 
nosis  because  NIRF  agents  have  low  background  autofluorescence, 
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tissue  absorbance  and  scatter  at  NIR  wavelengths  (700—1000  nm) 
[14].  These  agents  can  also  undergo  a  number  of  chemical  modifi¬ 
cations  including  conjugation  with  effective  therapeutic  drugs  to 
target  cancer  cells  at  different  progressive  stages  [13,14  .  We  pre¬ 
viously  identified  and  synthesized  a  unique  group  of  NIRF  hepta- 
methine  carbocyanines  as  dual  imaging  and  targeting  agents  and 
demonstrated  two  prototypic  heptamethine  carbocyanine  dyes 
including  1R-783  and  MHI-148.  These  NIRF  and  derivative  agents 
show  preferential  uptake  in  tumor  cells  but  not  normal  cells  as 
demonstrated  in  a  variety  of  cancer  cell  lines,  tumor  xenografts, 
spontaneous  mouse  tumors  in  transgenic  animals  and  human  tu¬ 
mor  samples  [15—18),  mediated  by  tumor  hypoxia  and  activated 
hypoxia-inducible  factor  la  (HIFla)/organic  anion-transporting 
polypeptides  (OATPs)  signaling  axis  [17,19],  However,  whether 
these  dyes  possess  the  potential  to  penetrate  the  BBB/BTB  and 
target  brain  tumors  had  not  been  evaluated.  In  this  study,  using  a 
number  of  in  vitro  and  in  vivo  brain  tumor  models,  we  investigated 
the  mechanisms  and  targeting  potential  of  this  group  of  NIRF 
agents  for  primary  and  metastatic  brain  tumors.  We  also  evaluated 
the  ability  of  these  dyes  as  carriers  to  deliver  dye-drug  conjugates 
to  brain  tumors  and  the  therapeutic  efficacy  of  these  conjugates  in 
mouse  models. 

2.  Materials  and  methods 

2.3.  Cell  culture  and  reagents 

Human  glioblastoma  cell  lines  U87,  U251  and  T98G,  and  normal 
human  embryonic  kidney  cell  line  HEK293  were  purchased  from 
American  Type  Culture  Collection  (ATCC,  Manassas,  VA).  Human 
prostate  adenocarcinoma  cell  line  CW22Rvl  was  kindly  provided 
by  Dr.  Michael  Freeman  (Cedars-Sinai  Medical  Center,  Los  Angeles). 
These  cells  were  cultured  in  Dulbecco's  modified  Eagle's  medium 
(DMEM;  Life  Technologies,  Grand  Island,  NY)  or  RPMI 1S40  medium 
(Life  Technologies)  supplemented  with  10%  FBS  (Biowest,  Kansas 
City,  MO)  and  1%  penicillin/streptomycin  (Life  Technologies).  Hu¬ 
man  brain  cancer  stem-like  cells  (CSCs)  isolated  from  pituitary 
adenoma  patients  were  prepared  as  described  previously  [20]  and 
cultured  in  a  DMEM/F12  (1:1)  medium  (Life  Technologies)  con¬ 
taining  B27  (lx)  supplement  (Life  Technologies),  1%  penicillin/ 
streptomycin,  fungizone  (250  ng/ml;  Life  Technologies),  EGF 
(20  ng/ml;  Peprotech,  Rocky  Hills,  NJ)  and  bFGF  (20  ng/ml;  Pepro- 
tech).  For  hypoxia  treatment,  cells  were  grown  in  a  hypoxic 
chamber  (1%  02,  5%  C02).  Lentiviral  particles  expressing  both 
luciferase  and  GFP  were  purchased  from  GenTarget  (San  Diego,  CA). 
Bromosulfophthalein  (BSP),  cobalt  chloride  (CoCl2)  and  dimethy- 
loxalylglycine  (DMOG)  were  purchased  from  Sigma— Aldrich  (St. 
Louis,  MO).  D-Luciferin  sodium  salt  was  purchased  from  Gold 
Biotechnology  (St.  Louis,  MO).  The  heptamethine  carbocyanine  dye 
IR-783  was  prepared  and  purified  as  described  previously  [15], 
Gemcitabine  was  purchased  from  Ark  Pharm,  Inc.  (Libertyville,  IL). 
All  other  chemicals  used  in  IR-783-gemcitabine  (NIRG)  synthesis 
were  purchased  from  Sigma  Aldrich.  NIRG  was  synthesized  in 
house  with  detailed  synthesis  procedures  described  below. 

2.2.  lR-783-gemcitabine  (NIRG)  synthesis 

The  preparation  of  the  compound  4-(2-((E)-2-((E)-2-chloro- 
3-((phenylamino)methylene)-cydohex-l-en-l-yl)vinyl)-3,3- 
dimethyl-3H-indol-l-ium-l-yl)butane-l -sulfonate  3:  To  the 

mixture  of  la  (2  g,  6.78  mmol)  and  crude  2  (3  g,  8.36  mmol)  in  EtOH 
(25  ml)  was  added  CH3COONa  (0.56  g,  6.78  mmol),  the  resulted 
mixture  was  heated  to  reflux  for  3  h.  The  reaction  mixture  was 
concentrated  and  the  residue  was  recrystallized  from  methanol/ 
ether  to  afford  desired  product  3  (2  g,  yield  56%).  HRMS  (ESI-TOF), 


m/z  525.1979  (M+H)+  (C29H34C1N203S  requires  525.1979). 

The  preparation  of  the  compound  cyanine  dye  4:  To  the 
mixture  of  lb  (0.5  g,  1.4  mmol)  and  crude  3  (1  g,  1.9  mmol)  in  EtOH 
(8  ml)  was  added  CH3COONa  (128  mg,  1.5  mmol),  the  resulted  re¬ 
action  was  heated  to  reflux  for  3  h.  The  reaction  mixture  was 
concentrated  and  the  residue  was  purified  with  C18-RP  silica 
chromatography  elution  with  methanol— water  to  afford  desired 
product  4  (0.8  g,  yield  73%).  ’H  NMR  (DMSO-d6,  400  MHz)  HRMS 
(ESI-TOF),  705.3122  (M+H)+  (C4oH5oC1N205S  requires  705.3129). 

The  preparation  of  the  compound  dye-gemcitabine  conju¬ 
gate  5:  The  mixture  of  4  (761  mg,  1.1  mmol)  l-ethyl-3-(3- 
dimethyllaminopropyl)  carbodiiehydrochlide  (310  mg,  1.6  mmol) 
and  l-hydroxy-7-azabenzotriazole  (175  mg,  1.3  mmol)  were  dis¬ 
solved  in  5.0  ml  DMF  solution.  The  mixture  was  stirred  for  15  min, 
then  gemcitabine  (340  mg,  1.3  mmol)  was  added  and  stirred  for 
additional  15  h.  Ethyl  ether  (50  ml)  was  added.  The  precipitate 
collected  and  purified  by  C18-RP  silica  chromatography  was  eluted 
with  methanol— water  to  afford  desired  product  509  mg  (41%). 
HRMS  (ESI-TOF),  m/z  948.3578  (M-H)-  ^gHsyClF^sOgS  requires 
948.3585). 

ESI-TOF-MS  analysis  was  performed  on  compounds  at  the  UCLA 
Mass  Spectrometry  Laboratory  using  a  Waters  LCT  Premier  Mass 
Spectrometer.  Protein  nuclear  magnetic  resonance  ( 1 H  NMR) 
spectra  were  recorded  on  a  Bruker  AV400  FT  NMR  Spectrometer 
(400  MHz). 

2.3.  Tumor  xenograft  studies 

All  animal  studies  received  prior  approval  from  the  IACUC  of 
Cedars-Sinai  Medical  Center  (CSMC)  and  were  conducted  in 
compliance  with  its  recommendations.  Male  4-  to  6-week-old 
athymic  nude  mice  and  SCID  mice  were  purchased  from  Taconic 
(Oxnard,  CA),  housed  in  the  animal  research  facility  at  CSMC,  and 
fed  a  normal  chow  diet.  For  subcutaneous  xenograft  studies,  1,  3  or 
9  x  106  of  luc-labeled  U87  in  50%  Matrigel  (BD  Biosciences,  San 
Jose,  CA)  were  injected  subcutaneously  into  nude  mice.  Each  mouse 
was  injected  on  the  right  flank  only.  Tumor  size  was  measured  by 
caliper.  For  intracranial  xenograft  studies,  SCID  or  nude  mice  were 
anesthetized  by  intraperitoneal  injection  of  ketamine  and  xylazine, 
and  stereotactically  implanted  with  U87  or  pituitary  adenoma  CSC 
cells  (10,000  cells  per  mouse),  respectively,  in  the  right  forebrains. 
At  the  end  of  the  studies,  tumor-bearing  whole  mouse  brains  were 
excised  and  fixed  in  10%  formaldehyde  and  embedded  in  paraffin 
for  subsequent  histological  analysis.  For  intracardiac  xenograft 
studies,  1  x  106  luc-tagged  CW22Rvl  cells  were  injected  into  the 
left  cardiac  ventricle  of  anesthetized  SCID  mice  as  described  pre¬ 
viously  [21].  Development  of  brain  metastasis  was  monitored  by 
BLI  and  MRI. 

2.4.  Bioluminescence  imaging 

Bioluminescence  imaging  of  luciferase-tagged  U87  or  CW22Rvl 
tumor  xenografts  either  in  vivo  or  ex  vivo  after  mice  received  D- 
luciferin  (3  mg/mouse  via  intraperitoneal  delivery)  was  performed 
on  a  Xenogen  IVIS  Spectrum  Imaging  System  (PerkinElmer,  Wal¬ 
tham,  MA).  Analysis  was  performed  with  Living  Image  software 
(PerkinElmer)  by  measurement  of  photon  flux  in  the  tumor  region 
of  interest  in  mice.  Data  was  normalized  to  the  background  signal. 

2.5.  Magnetic  resonance  imaging 

MRI  experiments  were  performed  on  a  9.4T  (94/20)  Bruker 
BioSpec  MRI  scanner  (Bruker,  Billerica,  MA)  using  4  channel  :H 
mouse  brain  receiver  coil  (Bruker).  The  tumor-bearing  mouse  brain 
was  excised  and  placed  in  10%  formaldehyde  for  at  least  24  h  then 
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suspended  in  Fomblin®  YLVAC  (Sigma— Aldrich)  for  imaging.  T1 
weighted  0.5  mm  axial  slices,  encompassing  the  whole  brain  (50 
slices),  were  acquired  with  a  fast  spin  echo  sequence  to  delineate 
anatomic  details  with  an  in-plane  resolution  of  92  pm  (field  of  view, 
18  mm  x  12  mm;  TE/TR,  8  ms/900  ms,  196  x  128  matrix,  6  aver¬ 
ages).  MRI  data  were  processed  and  analyzed  using  ParaVision 
software  (Bruker). 

2.6.  Analysis  of  brain  tumor  imaging  and  targeting  by  NIRF  dye  and 
NIRG  in  cultured  brain  tumor  cells  and  xenografts 

For  cultured  brain  and  prostate  tumor  cells,  after  exposure  to 
different  treatments  when  necessary,  cells  were  incubated  with  IR- 
783  at  a  concentration  of  20  pM  at  37  °C  for  30  min  and  washed 
twice  with  PBS  to  remove  excess  dye.  Cells  were  either  fixed  in  10% 
formaldehyde  when  cultured  alone  or  incubated  in  PBS  when 
present  in  co-culture,  and  subjected  to  analysis  of  NIRF  dye  uptake 
by  NIRF  microscopy  (Olympus  1x71 ;  Olympus,  Melville,  NY)  using  a 
75  W  Xenon  lamp  and  an  indo-cyanine  green  filter  cube  (excita¬ 
tion/emission:  750—800/820—860  nm)  as  described  previously 
[15],  Cellular  NIRF  intensity  was  quantitated  by  ImageJ  software 
(NIH).  For  tumor  xenograft  models,  mice  bearing  xenograft  tumors 
were  injected  intraperitoneally  with  IR-783  or  NIRG  at  a  dose  of 
50  nmol/mouse  assuming  the  average  body  weight  of  mice  is  20  g. 
Whole-body  or  organ-specific  optical  imaging  was  taken  at  1  h  or/ 
and  24  h  using  an  IVIS  Lumina  XR  Imaging  System  (PerkinElmer, 
Waltham,  MA)  equipped  with  fluorescent  filter  sets  (excitation/ 
emission,  783/840  nm),  with  automatic  subtraction  of  background 
fluorescence  from  the  total  dye  uptake  in  tumors  during  the  image 
acquisition,  as  described  previously  [15,22], 

2.7.  Biochemical  analyses  of  brain  tumor  cells  and  tumor  xenografts 

Total  RNA  from  cultured  cells  and  formalin-fixed,  paraffin- 
embedded  tissue  sections  was  isolated  using  the  RNeasy  Mini  Kit 
and  the  RNeasy  FFPE  Kit  (Qiagen),  respectively;  and  reverse- 
transcribed  to  cDNA  by  M-MLV  reverse  transcriptase  (Promega) 
following  the  manufacture's  instructions.  qPCR  was  conducted 
using  SYBR  Green  PCR  Master  Mix  and  run  with  Applied  Biosystems 
7500  Fast  Real-Time  PCR  System  (Applied  Biosystems).  PCR  con¬ 
ditions  include  an  initial  denaturation  step  of  3  min  at  95  °C,  fol¬ 
lowed  by  40  cycles  of  PCR  consisting  of  30  s  at  95  °C,  30  s  at  60  °C, 
and  30  s  at  72  °C.  The  PCR  data  were  analyzed  by  2~AACr  methods 
[23],  Details  on  primers  used  for  qPCR  are  provided  in  the 
Supplementary  Table  1. 

2.8.  Microarray  data  sets 

Two  brain  cancer  DNA  microarray  data  sets,  Bredel  Brain  2  [24] 
and  Sun  Brain  [25],  were  downloaded  directly  from  the  Oncomine 
database  by  licensed  access.  Microarray  data  of  the  Bredel  Brain  2 
(GSE2223)  and  Sun  Brain  (GSE4290)  data  set  are  also  publicly 
available  in  Gene  Expression  Omnibus. 

2.9.  Cell  proliferation  assays 

U87  cells  were  seeded  at  3000/well  in  a  96-well  plate  and 
treated  with  either  gemcitabine  (200  nM)  or  IR-783-gemcitabine 
(200  nM)  for  4  consecutive  days.  PBS  was  used  as  a  vehicle.  Cells 
were  fixed  and  stained  with  crystal  violet,  and  the  OD  value  at  the 
wavelength  of  595  nm  was  read  by  a  microplate  reader  on  a  daily 
basis. 


2.10.  Tumor  xenograft  therapeutic  studies 

For  determining  the  therapeutic  effect  of  NIRG  on  brain  tumor  or 
metastasis,  mice  bearing  either  intracranial  U87  tumors  or 
CW22Rvl  prostate  tumor  brain  metastases  as  confirmed  by  BLI 
were  randomly  assigned  to  2  groups.  For  U87  tumor  model,  2 
weeks  after  tumor  cell  inoculation,  mice  were  injected  intraperi¬ 
toneally  with  either  saline  or  NIRG  (10  mg/kg)  twice  a  week  for  4—5 
weeks.  For  CW22Rvl  prostate  tumor  brain  metastatic  model,  after 
confirming  the  presence  of  tumor  metastases  in  mouse  brains,  mice 
were  injected  intraperitoneally  with  either  saline  or  NIRG  (10  mg/ 
kg)  twice  a  week  for  5  weeks.  Tumor  growth  and  development  of 
brain  metastasis  were  monitored  by  BLI. 

2.21.  Statistical  analysis 

Data  were  presented  as  the  mean  ±  SEM  as  indicated  in  the 
figure  legends.  Comparisons  between  Kaplan— Meier  curves  were 
performed  using  the  long-rank  test.  All  other  comparisons  were 
analyzed  by  unpaired  2-tailed  Student's  t  test.  A  p  value  less  than 
0.05  was  considered  as  statistically  significant. 

3.  Results 

3.1.  Preferential  accumulation  of  NIRF  dye  in  brain  tumor  cells 

Glioblastoma,  the  most  common  and  aggressive  malignant 
primary  brain  tumor  arising  from  astrocytes  [2],  was  chosen  as  a 
model  to  assess  the  ability  of  NIRF  dye  uptake  by  brain  tumor  cells 
and  xenografts.  To  determine  whether  the  NIRF  dye  specifically 
targets  brain  tumor  cells  but  not  normal  cells,  we  established  an 
in  vitro  co-culture  model  in  which  human  glioblastoma  U87  cells 
were  engineered  dually  with  green  fluorescence  protein  (GFP)  and 
luciferase  (luc)  and  cultured  together  with  normal  human  embry¬ 
onic  kidney  HEK293  cells  in  a  2-dimensional  culture  on  a  plastic 
surface.  Lentiviral  infection-mediated  labeling  of  U87  cells  with 
GFP  followed  by  puromycin  selection  ensured  a  100%  integrated 
rate  of  GFP  in  stable  U87  cells,  which  was  confirmed  by  fluores¬ 
cence  microscopy  (Fig.  SI).  To  examine  the  dye  uptake,  the  co¬ 
culture  was  incubated  with  IR-783,  a  NIRF  heptamethine  carbo- 
cyanine  dye  we  identified  previously  (chemical  structure  shown  in 
Fig.  1A),  and  then  subjected  to  fluorescence  microscopy.  The  NIRF 
signals  were  exclusively  observed  in  GFP+  U87  cells  and  not  in  the 
other  GFP~  HEK293  cells  (Fig.  1 B),  suggesting  the  preferential  up¬ 
take  and  retention  of  IR-783  in  brain  tumor  cells  but  not  normal 
cells  under  the  same  culture  conditions.  We  also  examined  the  dye 
uptake  in  this  co-culture  model  in  a  quantitative  manner.  A 
doubling  series  number  of  luc-tagged  U87  cells  were  incubated 
with  a  fixed  number  of  HEK293  cells,  producing  different  cell 
number  ratios  (U87/HEK293  1:8,  1:4,  1:2  and  1:1).  These  co¬ 
cultures  were  exposed  to  IR-783  and  subjected  in  parallel  to 
luminescence  and  NIRF  imaging,  demonstrating  a  significant  linear 
correlation  (R2  =  0.9958)  between  luminescence  and  NIRF  signal 
intensities  (Fig.  1C  and  D),  which  reinforces  the  finding  of  a  pref¬ 
erential  dye  uptake  by  brain  tumor  cells  relative  to  normal  cells. 
These  results  in  aggregate  confirm  the  tumor-specific  targeting 
ability  of  IR-783  dye  in  cultured  brain  tumor  cells. 

3.2.  NIRF  dye  uptake  correlates  with  brain  tumor  xenograft  growth 

To  determine  whether  the  preferential  uptake  of  IR-783  by  brain 
tumor  cells  in  vitro  can  be  recapitulated  in  vivo,  we  implanted 
different  numbers  (1  x  106,  3  x  106  and  9  x  106)  of  luc-tagged  U87 
cells  subcutaneously  into  nude  mice  to  establish  tumor  xenografts. 
When  tumors  formed  at  different  sizes  as  expected,  we 
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Fig.  1.  Uptake  of  NIRF  heptamethine  carbocyanine  IR-783  dye  by  human  glioblastoma  cells.  (A)  Chemical  structure  of  IR-783  dye.  (B)  Uptake  of  IR-783  dye  (20  pM,  30  min)  by  GFP- 
tagged  human  glioblastoma  U87  cells  co-cultured  with  normal  human  HEK293  cells.  Nuclei  from  both  U87  and  HEK293  cells  were  stained  by  DAPI.  Scale  bars  represent  50  pm.  (C) 
Uptake  of  luc-tagged  U87  cells  co-cultured  with  HEK293  cells  at  different  ratios  (U87/HEK293:  1, 1 :8;  2, 1 :4;  3, 1 :2;  and  4, 1 :1 )  determined  by  both  luminescence  and  NIRF  imaging. 
(D)  Correlation  of  luminescence  and  NIRF  signal  intensity  in  (C). 


demonstrated  by  whole-body  NIRF  imaging  that  IR-783  was  spe¬ 
cifically  taken  up  by  xenograft  tumors  in  mice.  This  was  further 
supported  by  the  co-registered  bioluminescence  (BLI)  and  NIRF 


signals  in  tumors,  with  a  positive  correlation  (R2  =  0.9980)  of  signal 
intensity  between  the  two  imaging  modalities  (Fig.  2B).  Moreover,  a 
significant  correlation  (R2  =  0.9811)  between  tumor  NIRF  signal 
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Fig.  2.  Preferential  uptake  and  retention  of  IR-783  dye  in  subcutaneous  U87  glioblastoma  xenografts.  (A)  Uptake  of  IR-783  dye  (50  nmol/mouse,  i.p.)  by  subcutaneous  luc-tagged 
U87  glioblastoma  xenografts  of  different  sizes  determined  by  in  vivo  BLI  and  NIRF  imaging  (cell  number  initially  implanted  to  form  xenograft  tumors:  1, 1  x  106;  2,3  x  106;  and  3, 
9  x  106).  (B,  C)  Correlation  of  tumor  NIRF  signal  intensity  with  either  BLI  signal  intensity  (B)  or  tumor  volume  determined  by  caliper  (C)  in  (A).  (D)  Uptake  of  IR-783  dye  by  U87 
xenograft  tumors  dissected  from  (A)  and  determined  by  ex  vivo  BLI  and  NIRF  imaging.  (E,  F)  Correlation  of  tumor  NIRF  signal  intensity  with  either  BLI  signal  intensity  (E)  or  tumor 
weight  (F)  in  (D).  n  =  3  for  each  experimental  group.  The  mean  was  used  to  plot  the  correlation  curves. 
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intensity  and  tumor  volume  was  established  (Fig.  2C).  Immediately 
after  in  vivo  imaging,  tumors  were  dissected  and  analyzed  ex  vivo 
by  both  BLI  and  N1RF  imaging  simultaneously  (Fig.  2D).  Similarly, 
we  showed  that  tumor  N1RF  signal  intensity  was  well  correlated 
with  both  tumor  BLI  intensity  (R2  =  0.9973)  and  tumor  weight 
(R2  =  0.9830)  (Fig.  2E  and  F).  In  addition,  we  observed  marginal  dye 
uptake  by  other  normal  mouse  organs,  such  as  the  lung,  heart, 
spleen,  kidney  and  liver,  consistent  with  our  previous  results 
[15,22],  Together,  these  results  indicate  the  ability  of  IR-783  to 
target  specifically  brain  tumor  in  a  subcutaneous  model  and  more 
importantly  to  quantitatively  estimate  tumor  burden  in  mice. 

3.3.  NIRF  dye  penetrates  the  BBB/BTB  and  targets  intracranial  brain 
tumor  xenografts 

A  unique  feature  of  brain  tumors  is  the  presence  of  tight  bar¬ 
riers,  termed  BBB  and  BTB,  which  protect  cancer  cells  from  expo¬ 
sure  to  most  chemical  agents  in  circulation  [8],  To  assess  whether 
IR-783  can  target  brain  tumors  at  the  primary  site,  we  generated 
an  intracranial  brain  tumor  xenograft  by  stereotactically  implanting 
U87  cells  into  the  right  hemisphere  of  immunocompromised  mice. 
Once  the  intracranial  tumor  xenograft  was  established,  mice  were 
given  IR-783  through  the  intraperitoneal  route  to  allow  the  delivery 
of  this  NIRF  dye  by  systemic  circulation.  At  1  h  and  24  h  after  the 
dye  injection,  mice  were  subjected  to  NIRF  imaging.  The  results 
showed  that  NIRF  signals  localized  exclusively  in  the  brain  region  in 
mice  in  a  time-dependent  manner  (Fig.  3A,  left  panel),  indicating 
that  IR-783  was  capable  of  passing  through  the  BBB/BTB  and 
entering  the  tumor  core  space.  In  contrast,  we  did  not  observe  the 
accumulation  of  IR-783  dye  in  the  sham-operated  normal  brain 
that  did  not  harbor  tumor  by  in  vivo  imaging  (Fig.  3A,  right  panel).  A 
signal-to-background  ratio  (tumor/no  tumor)  ranging  from  2.9  to 
5.6  was  observed  at  different  time  points  (Fig.  3B).  We  also  assessed 
the  brain  tumor-targeting  ability  of  IR-783  dye  by  ex  vivo  imaging  of 
an  alignment  of  individual  mouse  organs,  demonstrating  the 


presence  of  NIRF  signals  only  in  the  brain  and  not  in  other  selected 
major  organs  including  the  lung,  heart,  spleen,  kidney  and  liver 
(Fig.  3C).  Quantitative  analysis  of  the  organ-specific  accumulation 
of  dye  intensity  showed  an  average  of  81.6-fold  higher  NIRF  in¬ 
tensity  in  the  brain  than  the  average  intensity  in  other  organs 
(Fig.  3D). 

To  better  mimic  the  clinical  situation,  we  implanted  human 
pituitary  adenoma  stem-like  cells  prepared  directly  from  patient 
samples  into  the  brains  of  nude  mice.  As  demonstrated  by  both 
in  vivo  and  ex  vivo  NIRF  imaging  (Fig.  3E  and  F),  IR-783  was  taken  up 
specifically  by  the  tumor-bearing  brains  in  mice,  which  further 
showed  up  to  82.6-fold  higher  NIRF  signal  intensity  in  the  brain 
compared  to  that  in  other  selected  organs  (Fig.  3G).  In  line  with 
these  data,  we  conclude  that  NIRF  dye  can  be  taken  up  by  brain 
tumors  after  effectively  penetrating  the  BBB/BTB. 

3.4.  Hypoxia  and  organic  anion-transporting  polypeptide  (OATP) 
genes  mediate  NIRF  dye  uptake  into  brain  tumor  cells 

We  recently  showed  that  hypoxia  mediates  the  uptake  of  NIRF 
dye  by  cancer  cells  via  activation  of  HIF1  a/OATP  signaling  in  a  series 
of  genitourinary  cancer  models  [22],  This  provides  insights  into 
brain  tumor,  where  hypoxia  is  also  frequently  observed  due  to 
inadequate  vascular  supply  or  inefficient  microcirculation  in  vas¬ 
cularized  tumor  regions  [26],  OATPs  could  also  mediate  the  uptake 
of  NIRF  dyes  including  both  IR-783  and  MHI-148  [22].  OATPs 
represent  a  superfamily  of  solute  carrier  transporter,  including  11 
known  human  OATPs  classified  into  6  families  and  subfamilies  on 
the  basis  of  their  amino  acid  sequence  homologies  [27].  Aberrant 
expression  of  OATPs  has  been  reported  in  a  spectrum  of  cancer 
types,  including  brain  cancer  [28,29].  OATPs  facilitate  the  transport 
of  a  number  of  substances  into  cells,  including  organic  acids,  drugs 
and  hormones,  in  a  highly  substrate-  and  pathophysiologic- 
including  cancer-dependent  manner  [27].  Notably,  select  OATPs 
including  OATP1A2  and  OATP2B1  are  highly  expressed  in 


Fig.  3.  Preferential  uptake  and  retention  of  IR-783  dye  in  intracranial  brain  tumor  xenografts.  (A)  Uptake  of  IR-783  dye  (50  nmol/mouse,  i.p.)  by  intracranial  U87  tumor  xenograft  as 
determined  by  in  vivo  NIRF  imaging  at  1  h  and  24  h  time  points  after  dye  injection.  Representative  images  are  shown.  (B)  Quantitative  analysis  of  uptake  intensity  in  (A)  (n  -  3, 
mean  ±  SEM).  *p  <  0.05,  **p  <  0.01.  (C)  Uptake  and  retention  of  IR-783  dye  by  representative  mouse  brain  and  other  indicated  organs  dissected  from  (A),  as  determined  by  ex  vivo 
NIRF  imaging  24  h  after  dye  injection.  (D)  Quantitative  analysis  of  NIRF  signal  intensity  in  (C).  (E,  F)  Uptake  of  IR-783  dye  (50  nmol/mouse,  i.p.)  by  intracranial  tumor  developed 
originally  from  pituitary  adenoma  patient  samples  24  h  after  dye  injection,  which  was  further  removed  and  subjected  to  ex  vivo  NIRF  imaging  in  parallel  with  other  organs  (F).  (G) 
Quantitative  analysis  of  organ-specific  NIRF  signal  intensity  in  (F). 
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physiological  barriers  such  as  the  BBB  [30],  and  a  significantly  lower 
blood-to-brain  transport  of  several  agents  was  observed  in  0atpla4 
(corresponding  to  OATPIA2  in  humans)  knockout  mice  compared  to 
wild-type  mice  [31].  These  studies  in  aggregate  suggest  a  potential 
role  of  these  OATPs  in  depositing  contrast  agents  and  drugs  into 
brain  tumors. 

Given  the  common  features,  including  hypoxia  and  aberrant 
expression  of  OATPs,  shared  by  brain  tumors  and  other  types  of 
tumors,  we  speculated  whether  brain  tumor  cells  use  similar 
mechanisms  to  take  up  and  retain  N1RF  dyes.  To  test  this,  three 
human  glioblastoma  cell  lines,  U87,  U251  and  T98G,  were  exposed 
to  1R-783  under  hypoxic  conditions  (1%  O2).  As  shown  in  Figs.  4A,  B 
and  S2,  there  were  significant  increases  in  dye  uptake  varying  from 
41%  to  149%  after  hypoxic  stimuli  in  all  three  cell  lines.  Moreover, 
cells  pre-treated  with  bromosulfophthalein  (BSP),  a  potent 
competitive  inhibitor  of  OATPs,  reduced  dye  uptake  by  up  to  64%  in 
all  cell  lines  (Figs.  4A,  B  and  S2).  These  data  collectively  suggest  that 
hypoxia  and  OATPs  mediate  the  uptake  of  NIRF  dye  in  brain  tumor 
cells. 

Next,  we  examined  the  expression  levels  of  select  brain-related 
OATPs  in  U87  intracranial  tumor  xenograft  samples.  As  shown  in 
Fig.  S3A,  higher  mRNA  expression  of  3  OATPs,  including  OATPIA2, 
OATP1CI,  and  OATP2B 1,  was  found  in  U87  tumor  than  nearby 
normal  mouse  brain  tissue,  which  is  supported  by  the  observa¬ 
tions  of  increased  OATP2BI  expression  in  glioblastoma  samples 
compared  with  normal  brain  tissues  in  2  brain  cancer  clinical  data 
sets  (Fig.  S3B,  Bredel  Brain  2  and  Sun  Brain).  To  further  determine 
if  the  hypoxia  upregulation  of  OATP  expression  as  we  reported 
previously  could  be  recapitulated  in  the  scenario  of  brain  tumor 
[19],  we  treated  U87  cells  with  cobalt  chloride  or  DMOG,  two 
hypoxia-mimetic  agents  stabilizing  the  expression  of  HIFla,  a 
master  regulator  of  hypoxia  signaling  19,32,33],  Induction  of 
hypoxia,  evidenced  by  increased  expression  of  vascular  endothe¬ 
lial  growth  factor  A  ( VEGFA )  and  glucose  transporter  1  (Glut) ),  two 
HIFla-target  genes,  activated  the  expression  of  select  brain¬ 
expressing  OATPs,  including  OATPIA2,  OATP1C1,  and  OATP2B1,  in 
U87  cells  under  both  treatments  (Fig.  S3C).  Furthermore,  we 
demonstrated  a  significant  correlation  between  HIFla  and 
OATP2B1  mRNA  expression  in  the  Sun  Brain  data  set  (Fig.  S3D, 
p  =  0003  and  p  <  0.0001  for  Pearson  and  Spearman  correlation, 
respectively).  These  results  reinforce  OATPs'  function  to  facilitate 
the  delivery  of  NIRF  dyes  across  the  BBB/BTB  via  an  increased 
OATPs  gradient  across  brain  tumor  cell  membranes  for  dye  uptake 
by  brain  tumors. 


3.5.  NIRF  dye  as  a  drug  delivery  carrier  for  therapeutically  targeting 
brain  tumors  and  brain  metastases 

Given  the  ability  of  1R-783  to  target  brain  tumors  specifically  in 
different  intracranial  models  (Fig.  3),  we  next  investigated  the  po¬ 
tential  of  IR-783  as  a  drug  delivery  carrier  covalently  linked  to  a 
drug  payload  to  serve  as  a  theranostic  agent  for  both  imaging  and 
antitumor  capabilities.  To  develop  IR-783  as  a  platform  for  drug 
delivery,  we  synthesized  and  characterized  a  modified  compound 
that  conjugates  gemcitabine  with  a  derivative  of  IR-783  backbone 
with  one  sulfonate  moiety  converted  to  carboxylate  (IR-783- 
gemcitabine,  abbreviated  as  NIRG)  (Figs.  5A  and  S4),  and  tested 
its  activity  against  the  growth  of  brain  tumor  xenografts  and 
prostate  tumor  metastasized  to  mouse  brain.  This  conjugation  with 
appropriate  modification  of  one  side  chain  of  the  heptamethine 
carbocyanine  dye  dose  not  change  the  electronic  properties  of  the 
aromatic  backbones  in  order  to  maintain  the  fluorescence  and 
tumor-specific  targeting  properties.  On  the  other  hand,  conjugation 
of  gemcitabine  at  the  4-(N)-amino  group  in  the  pyrimidine  ring  via 
amide  bond  has  emerged  as  one  of  the  most  versatile  methods  for 
producing  gemcitabine  prodrugs  without  compromising  drug  ac¬ 
tivity  [34,35],  Gemcitabine  is  a  deoxycytidine  analog  that  has 
shown  a  wide  range  of  antitumor  activity  against  the  proliferation 
of  different  solid  tumors,  such  as  lung  cancer,  pancreatic  cancer  and 
breast  cancer  [36—38],  by  directly  interfering  with  DNA  replication 
to  arrest  tumor  growth  [39,40],  Gemcitabine  at  non-cytotoxic 
concentrations  enables  brain  tumor  radiosensitization  [41].  How¬ 
ever,  it  shows  only  modest  potency  to  penetrate  the  BBB,  resulting 
in  limited  therapeutic  benefits  for  intracranial  tumors  [42],  We  first 
characterized  the  fluorescence-emitting  and  cell-killing  functions 
of  NIRG.  In  parallel  to  IR-783,  U87  cells  retaining  NIRG  demon¬ 
strated  strong  NIRF  signals  (Fig.  S5A,  left  panel),  indicating  the 
intact  property  of  the  carbocyanine  dye  to  emit  fluorescent  photons 
for  imaging.  NIRG  was  also  observed  to  inhibit  the  proliferation  of 
U87  cells  when  compared  to  that  of  the  vehicle-treated  group 
(Fig.  S5B),  indicating  its  cytotoxic  effect  through  the  functional 
group  of  drug  payload,  gemcitabine.  We  next  determined  the  up¬ 
take  of  NIRG  by  intracranial  U87  tumors  in  mice.  As  shown  by 
whole-body  NIRF  imaging  (Fig.  5B),  the  conjugate  was  able  to 
penetrate  the  BBB/BTB  and  was  taken  up  specifically  by  tumor¬ 
bearing  brains  in  mice  with  a  time-dependent  increase  in  signal 
intensity  (1  h  vs.  24  h),  with  signal-to-background  ratios  (tumor/no 
tumor)  ranging  from  3.5  to  4.2  at  different  time  points  (Fig.  5C). 
Ex  vivo  NIRF  imaging  confirmed  significantly  enhanced  retention  of 
NIRG  in  mouse  brain  relative  to  other  organs  with  an  increase  up  to 
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Fig.  4.  Hypoxia  and  OATP  genes  mediated  the  uptake  of  IR-783  dye  by  human  glioblastoma  cells.  (A)  Uptake  of  IR-783  dye  (20  pM,  30  min)  by  U87  cells  under  pre-treatment  with 
either  hypoxia  (1%  O2, 1  h)  or  bromsulphthalein  (BSP)  (250  pM,  1  h).  Scale  bars  represent  50  pm.  (B)  Quantitative  analysis  of  NIRF  signal  intensity  in  U87,  U251  and  T98G  cells. 
Intensity  in  control  cells  under  normoxia  and  without  treatment  was  set  as  100%  (n  =  5,  mean  ±  SEM).  **p  <  0.01. 
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Fig.  5.  Uptake  and  retention  of  lR-783-gemdtabine  dye-drug  conjugate  {NIRG)  in  intracranial  U87  tumor  xenografts.  (A)  Chemical  structure  of  N1RG.  (B)  Uptake  of  N1RG  (50  nmol/ 
mouse,  i.p.)  by  intracranial  U87  tumor  xenograft  as  determined  by  in  vivo  N1RF  imaging  at  1  h  and  24  h  time  points  after  dye  injection.  Representative  images  are  shown.  (C) 
Quantitative  analysis  of  uptake  intensity  in  (A)  (n  =  3,  mean  ±  SEM).  **p  <  0.01.  (D)  Uptake  and  retention  of  NIRG  by  mouse  brain  and  other  indicated  organs  dissected  from  (B),  as 
determined  by  ex  vivo  NIRF  imaging  24  h  after  dye  injection.  (E)  Quantitative  analysis  of  organ-specific  N1RF  signal  intensity  in  (D).  (n  =  3,  mean  +  SEM).  *p  <  0.05,  **p  <  0.01  as 
compared  to  brain. 


7.9-fold  in  signal  intensity  (Fig.  5D  and  E).  Importantly,  NIRG 
treatment  significantly  reduced  the  growth  of  intracranial  U87 
tumors  in  mice  without  affecting  body  weights  of  mice  as 
compared  to  the  control  group  (Fig.  S5C  and  D),  which  suggests  that 
NIRG  has  utility  as  an  effective  dual  imaging  and  therapeutic  agent 
for  brain  tumor. 

In  addition  to  the  primary  brain  tumor,  brain  metastases  can  be 
developed  by  prostate,  breast  and  lung  cancers.  Though  brain  is  not 
as  frequent  a  metastatic  site  as  other  distant  organs,  such  as  the 
skeleton,  lethality  from  brain  metastases  occur  frequently  due  in 
part  to  the  lack  of  effective  treatment  strategies  43,44].  To  test  the 
potential  of  NIRG  for  targeting  metastatic  brain  lesions,  we  first 
generated  an  intracardiac  tumor  xenograft  model  in  immunodefi- 
cient  mice  by  injecting  a  luc-tagged  CW22Rvl  human  prostate 
cancer  cell  line  that  is  known  to  retain  NIRG  in  vitro  (Fig.  S5A,  right 
panel),  as  a  model  for  the  study  of  NIRG  as  a  theranostic  agent  for 
prostate  cancer  brain  metastases  [45].  Mice  that  developed  brain 
metastases  after  inoculation  was  confirmed  by  BLI  received  NIRG  at 
10  mg/kg  intraperitoneally  and  were  then  subjected  to  dual  mo¬ 
dalities  of  BLI  and  NIRF  imaging.  Both  in  vivo  and  ex  vivo  imaging 
analyses  showed  co-registered  BLI  and  NIRF  signals  accumulating 
specifically  in  the  brain  but  not  in  other  organs  in  mice  (Fig.  6A  and 
B),  with  a  brain-to-kidney  signal  ratio  of  102.5  and  30.6  for  BLI  and 
NIRF  imaging,  respectively  (Fig.  6C).  The  brain  lesions  were 
confirmed  by  MRI  (Fig.  6D)  and  H&E  stain  (Fig.  6E).  Our  results 
further  demonstrated  significantly  improved  survival  in  mice 
receiving  NIRG  for  5  consecutive  weeks  as  compared  to  saline- 
treated  control  mice  (Fig.  S5E).  These  data  in  aggregate  establish 
the  potential  use  of  NIRF  dyes  for  guiding  the  targeted  delivery  of 
therapeutic  drugs  to  brain  tumors  and  brain  metastases  for  effec¬ 
tive  therapeutic  intervention. 

4.  Discussion 

Brain  tumors  are  one  of  the  most  deadly  tumors  in  both  adults 
and  children  [1,2],  Glioblastoma,  the  most  common  malignant 
primary  brain  tumor  in  adults,  is  the  second  cause  of  cancer  death 
in  adults  less  than  35  years  of  age  and  shows  a  survival  rate  of  less 


than  10%  after  diagnosis  [46,47].  Despite  surgical  and  medical  ad¬ 
vances  achieved  in  recent  years,  the  prognosis  for  brain  tumor 
patients  still  remains  poor.  These  dismal  facts  underscore  the 
importance  of  pursuing  alternative  solutions  for  improved  brain 
tumor  diagnosis  and  therapy.  In  addition,  since  there  are  currently  a 
plethora  of  different  imaging  techniques  available,  multimodality 
approaches  are  attractive  by  offering  companion  diagnostics  while 
subjecting  the  patients  to  imaging-guided  therapy.  This  was  illus¬ 
trated  by  recent  studies  using  triple-modality  MRI-photoacoustic 
imaging-Raman  imaging  nanoparticles  for  more  accurate  delinea¬ 
tion  of  brain  tumor  margins  for  surgical  resection  compared  to  a 
single  imaging  modality  [48]. 

In  this  study,  we  demonstrated  that  a  group  of  NIRF  heptame- 
thine  carbocyanine  dyes,  IR-783  dye  and  its  conjugate,  NIRG,  pro¬ 
vided  highly  effective  tools  for  noninvasive  brain  tumor  imaging 
and  targeting.  In  contrast  to  conventional  dyes  in  cancer  imaging 
which  require  chemical  conjugation  of  the  imaging  probes  with 
appropriate  tumor-specific  ligands,  such  as  chemical  substrates, 
aptamers,  growth  factors  or  antibodies  that  recognize  cell  surface 
receptors  in  experimental  mouse  models  [49—51],  the  uptake  of 
NIRF  dyes  is  dependent  upon  tumor  hypoxia  and  the  intrinsic 
expression  of  OATPs  so  that  their  entry  into  tumor  cells  does  not 
require  chemical  conjugation  19],  These  attractive  features  of  NIRF 
dyes  have  distinct  advantages  to  allow  simple  and  straightforward 
detection  of  brain  tumors  and  brain  metastases  by  imaging  agents 
with  smaller  sizes  compared  to  other  dyes  where  large  molecules 
resulting  from  chemical  conjugation  often  compromise  their  ability 
to  penetrate  the  BBB/BTB  9].  We  showed  the  preferential  uptake  of 
IR-783  by  brain  tumor  cells  and  intracranial  tumor  xenografts  in 
mice  (Figs.  1  and  3).  We  also  showed  a  significant  correlation  be¬ 
tween  tumor  NIRF  signal  intensity  and  brain  tumor  burden  in  a 
subcutaneous  tumor  growth  model  (Fig.  2),  indicating  the  potential 
uses  of  NIRF  dye  for  tumor  localization  and  quantitative  imaging, 
which  would  greatly  complement  existing  modalities  for  the 
imaging-assisted  diagnosis  and  prognosis  of  brain  tumors.  Of  note, 
not  all  cyanine  dyes  have  tumor-targeting  properties  despite  their 
structural  resemblance  to  each  other.  Only  heptamethine  carbo¬ 
cyanine  dyes  that  have  charged  side-chain  terminal  groups  and  a 
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Fig.  6.  Uptake  and  retention  of  lR-783-gemdtabine  dye-drug  conjugate  (NIRG)  in  xenograft  prostate  tumor  brain  metastases.  (A,  B)  Mice  bearing  CW22Rvl  prostate  tumor  brain 
metastases  were  subjected  to  both  BLI  and  N1RF  imaging  in  vivo  24  h  after  NIRG  (50  nmol/mouse,  i.p.)  (A).  Mouse  brain  and  control  kidney  were  subsequently  excised  and  subjected 
ex  vivo  to  both  imaging  modalities  (B).  (C)  Quantitative  analysis  of  both  BLI  and  NIRF  signal  intensity  in  (B)  (n  =  3,  mean  ±  SEM).  *p  <  0.05,  **p  <  0.01.  (D)  MR1 T2  scan  of  tumor¬ 
bearing  mouse  brain.  Tumor  area  is  indicated  in  red  dashed  circle.  (E)  H&E  stain  of  prostate  tumor  brain  metastases  (T).  Yellow  arrows  indicate  invasive  edges.  Original 
magnification,  x400;  scale  bar:  20  pm. 


chlorine  atom  at  the  central  meso  position  of  the  cyclohexyl  ring 
are  cancer-specific  and  able  to  cross  the  BBB.  In  addition,  the 
negative  charges  owned  by  IR-783  and  its  derivative  dyes  such  as 
MHI-148  by  possessing  a  sulfate  or  carboxyl  group  allow  these  dyes 
to  be  efficiently  mediated  by  OATPs  for  BBB  penetration  [15,19], 

In  addition  to  primary  brain  tumors,  the  highly  infiltrating  na¬ 
ture  of  glioblastoma  and  the  presence  of  migratory  cells  in  the 
infiltration  zone  protected  by  the  BBB  is  a  major  cause  of  brain 
tumor  lethality  in  affected  patients  [1,9].  Conventional  surgical 
methods  cannot  completely  remove  these  invasive  tumor  cells 
outside  the  tumor  bulk  largely  due  to  the  intraoperative  difficulties 
in  delineating  the  brain  tumor  margins  precisely,  which  inevitably 
leads  to  tumor  relapse  following  surgery  1,48].  Given  the  high 
sensitivity  and  specificity  of  these  NIRF  dyes  for  targeting  brain 
tumor  cells  at  the  cellular  level  (Fig.  1 ),  extending  the  application  of 
these  dyes  for  assessing  brain  tumor  margins  for  improved  surgical 
outcomes  merits  further  investigation. 

We  showed  that  hypoxia  is  one  of  the  mechanisms  responsible 
for  the  preferential  uptake  of  NIRF  dye  by  brain  tumor  cells  (Fig.  4), 
a  result  consistent  with  our  previous  findings  [22],  It  is  evident  that 
hypoxia  generally  exists  in  brain  tumors,  with  the  obvious  direct 
evidence  being  the  presence  of  intratumoral  necrosis,  which  in  fact 
underlies  the  histological  diagnosis  of  glioblastoma  [52],  The 
hypoxia-mediated  dye  uptake  mechanism  may  allow  these  NIRF 
dyes  to  target  a  broad  range  of  brain  tumor  types  despite  their 
heterogeneous  nature.  One  challenge  to  conventional  imaging 
evaluation  for  brain  tumor  diagnosis  is  the  occasional  inability  to 
distinguish  radiation-induced  necrosis  or  treatment-related  pseu¬ 
doprogression  from  recurrent  high-grade  tumor  [52,53].  These 
post-treatment  entities  that  mimic  tumor  recurrence  have  been 
suggested  to  correlate  with  treatment-related  cellular  hypoxia, 
leading  to  expression  of  hypoxia-regulated  molecules  in  tumor  and 
surrounding  cells  with  subsequent  increased  vascular  permeability 
and  increased  tumor  enhancement  [52],  We  previously  demon¬ 
strated  a  positive  correlation  between  tumor  uptake  of  NIRF  dye 
and  the  extent  of  hypoxia  using  a  HIFla-dependent  luciferase  re¬ 
porter  in  mice  [22,54  .  These  dyes  collectively  may  be  useful  for 
evaluating  residual  or  recurrent  live  brain  tumors  following 


treatment  by  measuring  the  level  of  tumor  hypoxia  for  improved 
diagnostic  and  prognostic  accuracy  and  therapeutic 
responsiveness. 

In  addition  to  hypoxia,  we  showed  that  OATPs  are  another  regu¬ 
latory  mechanism  mediating  NIRF  dye  uptake  by  brain  tumor  cells 
(Fig.  4).  OATPs  mediate  the  transmembrane  uptake  of  amphipathic 
compounds,  including  drugs,  hormones  and  other  xenobiotics  that 
cannot  freely  diffuse  through  cellular  membranes,  thereby  affecting 
drug  disposition  and  tissue  penetration.  Recent  evidence  has  impli¬ 
cated  altered  OATP  expressions  and  variants  in  many  different  types  of 
cancers,  including  OATP1A2  and  OATP2B1  in  brain  cancer  [27—29,55], 
Their  expression  in  the  luminal  membrane  of  endothelial  cells 
forming  the  BBB  and  BTB  and  the  following  evidence  indicating 
reduced  blood-to-brain  transport  of  several  agents  in  mice  without 
Oatpla4,  a  form  corresponding  to  0ATP1A2  in  humans,  suggest  the 
role  of  these  OATPs  in  facilitating  the  NIRF  dye  to  penetrate  the  bar¬ 
riers  and  enter  brain  tumors  [30,31].  We  have  previously  demon¬ 
strated  that  tumor  cell  uptake  of  these  NIRF  dyes  can  be  mediated  by 
OATPs,  which  is  further  enhanced  by  tumor  hypoxia  through  the 
direct  upregulation  of  OATPs  by  HIFla  at  the  transcriptional  level, 
resulting  in  a  conceited  effect  on  increased  uptake  of  NIRF  dye  by 
tumor  cells  [15,19,56,57],  In  the  present  brain  tumor  study,  we 
showed  a  similar  dye  uptake  mechanism  mediated  by  OATPs  (Figs.  4 
and  S2),  which  could  be  either  responsive  to  hypoxic  effects  or  in¬ 
dependent  from  tumor  hypoxia.  In  agreement  with  our  previous 
studies,  the  expression  of  several  OATPs  abundant  in  the  BBB/BTB  and 
brain  tumor  was  elevated  in  brain  tumor  cells  under  hypoxia- 
mimicking  conditions,  which  is  further  associated  with  a  significant 
co-expression  correlation  between  HIFla  and  OATP2B1,  a  represen¬ 
tative  OATP,  in  a  clinical  brain  tumor  data  set  (Fig.  S3).  On  the  other 
hand,  we  showed  that  pharmacological  blockade  of  OATPs  activities 
by  a  competitive  inhibitor  under  normoxic  conditions  was  sufficient 
to  inhibit  the  dye  uptake  by  brain  tumor  cells  (Figs.  4  and  S2). 
Importantly,  we  demonstrated  increased  expression  of  several  brain¬ 
expressing  forms  of  OATPs  in  the  intracranial  U87  tumor  relative  to 
nearby  normal  mouse  brain  tissue  in  mice  subjected  to  NIRF  imaging, 
which  is  consistent  with  the  clinical  observation  of  higher  expression 
of  these  OATPs  in  glioblastoma  than  normal  brain  tissues  (Fig.  S3). 
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These  results  suggest  that  even  without  hypoxia  the  prevailing  acti¬ 
vation  of  OATPs  in  brain  tumors  is  able  to  facilitate  dye  delivery  across 
the  BBB/BTB  and  dye  uptake  in  brain  tumors  in  vivo. 

We  demonstrated  the  preferential  uptake  of  1R-783  by  brain 
tumors  in  an  intracranial  xenograft  model  as  early  as  1  h  after  dye 
injection  (Fig.  3),  further  with  a  time-dependent  increase  in  dye 
uptake  at  24  h,  suggesting  a  tumor-attractive  distribution  of  IR-783 
in  the  body.  We  have  previously  reported  the  whole-body  distri¬ 
bution  of  IR-783  dye  at  a  series  of  time  points  starting  from  0.5  h 
after  dye  administration  in  tumor-bearing  mice.  In  addition  to 
specific  retention  in  tumors,  IR-783  was  shown  to  accumulate  in 
liver,  kidney,  heart,  lung  and  spleen  for  up  to  6  h  followed  by 
clearance  from  these  normal  organs.  However,  normal  organs  dis¬ 
played  very  low  signals  likely  to  be  overshadowed  by  the  more 
intense  signals  in  tumors  during  imaging  [15].  In  addition,  the 
observation  of  a  time-dependent  increase  in  dye  uptake  in  tumors 
also  fits  the  dye  uptake  model  we  demonstrated  where  IR-783  dye 
was  progressively  accumulated  in  brain  tumors,  mediated  by  OATP- 
based  active  transport,  after  the  dye  was  rapidly  diffused  into  the 
bloodstream  and  distributed  in  the  whole  body  by  circulation  since 
injection.  By  contrast,  normal  organs  and  tissues  retained  dyes 
poorly  due  in  large  part  to  the  lack  of  OATP  involvement  given  the 
low  expression  of  OATPs,  thereby  producing  marginally  detectable 
focal  fluorescence  signals  by  imaging.  Increased  dye  uptake  in  brain 
tumors  along  with  time  supports  an  OATP-mediated  redistribution 
of  dyes  from  non-target  normal  organs  to  brain  tumors  in  the  body. 

Chemotherapy  is  indispensable  for  brain  tumor  treatment  after 
surgery  [10],  but  its  limited  benefits  are  due  to  the  ineffective  de¬ 
livery  of  therapeutic  agents  to  the  tumor  tissues  as  well  as  unde¬ 
sired  side  effects  elicited  by  nonspecific  biodistribution  [9,10],  In 
this  study,  we  overcame  these  problems  using  NIRF  dye  as  a  drug 
carrier  covalently  conjugated  to  chemotherapeutic  agents,  facili¬ 
tating  the  ability  of  drugs  to  penetrate  the  BBB/BTB.  Using  gemci- 
tabine  as  an  example,  we  demonstrated  the  exclusive  accumulation 
of  the  NIRG  conjugate  in  intracranial  human  tumors  and  brain  tu¬ 
mor  metastases  in  a  human  prostate  cancer  model  (Figs.  5  and  6). 
We  showed  that  NIRG  is  capable  of  restricting  the  growth  of 
intracranial  brain  tumors  and  prostate  tumor  brain  metastases  and 
prolonging  the  survival  of  mice  (Fig.  S5).  Because  NIRF  dye  and 
NIRG  can  accumulate  in  tumor  tissues  and  cells  for  a  prolonged 
period  due  to  their  extensive  interaction  with  cellular  nucleic  acids 
and  proteins  [58,59],  these  dyes  and  dye-drug  conjugates  could  be 
further  explored  as  promising  imaging  and  targeting  agents  for  the 
imaging  and  treatment  of  primary  and  metastatic  brain  tumors. 

5.  Conclusions 

In  this  study,  we  demonstrated  that  NIRF  dyes  and  derivative 
dye-drug  conjugates,  such  as  NIRG,  are  effective  and  promising  new 
imaging  and  targeting  agents  for  the  detection  and  treatment  of 
human  brain  tumors  and  brain  metastases.  The  uptake  and  reten¬ 
tion  of  these  agents  by  brain  tumors  are  mediated  by  tumor  hyp¬ 
oxia  and  OATPs  in  the  BBB/BTB  compartments,  and  correlated 
quantitatively  with  tumor  burden  in  mice.  The  NIRF  dyes  and  de¬ 
rivative  dye-drug  conjugates  could  be  developed  and  further 
evaluated  in  men  for  cancer  imaging  and  targeting. 
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